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Abstract
Advances in microfabrication suggest its application to rocket engines. A MEMS thrust
chamber producing 50 N of thrust at design point was previously developed that requires
propellants pressurized as high as 300 atmospheres. Hence the need for turbopumps at the
MEMS scale.
A demonstration microturbopump approximately 20x20x6mm in size was designed and
built using silicon microfabrication technology. Nitrogen and deionized water are used as
operating fluids in the turbine and in the pump respectively. The design speed is 750,000
RPM, with a 23 atmospheres pump pressure rise, and an overall 30% turbomachinery effi-
ciency. This thesis addresses the key points of the turbopump design, modelling, fabrication,
and testing.
A 3D CFD simulation of the pump was run and performance predicted. Cavitation risk was
shown to be small. A fabrication process flow was set up and continuously improved using
the feedback from experiments. Non-destructive fabrication inspection methods were intro-
duced. A test rig and a packaging were built, on which 13 turbopumps have been tested, 8
of them spinning. The maximum speed reached was 100,000 RPM without pump loading,
and 65,000 RPM with pump loading. Structural concerns have been addressed. Rotordy-
namics issues have been investigated. Pumping tests were performed and have paved the
way toward an effective pressure rise.
The innovative rotor arrangement with coplanar pump and turbine was validated. Dual
phase operation involving water and nitrogen as running fluids was achieved successfully.
Thesis Supervisor: Professor Alan H. Epstein
Title: R.C. Maclaurin Professor of Aeronautics and Astronautics
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N Specific speed - Number of blades
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Q Heat transfer (W) - Flow (m3 .s- 1)
R Gas constant, rotor radius (m) - Hydraulic resistor (Pa.s.kg- 1 ) - Turbine
reaction
T Temperature (K)
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I Length (m)
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v Velocity (m.s- 1)
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Greek
a Leading edge angle (rad)
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p Fluid density (kg.m~ 3 )
a Shear stress (Pa) and cavitation number
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Pressure loss coefficient
Mechanical
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'P Power (W)
T Torque (N.m)
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n For the NGV
ref Reference value
LE Leading edge
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Chapter 1
Introduction
1.1 Background
In 1994, Epstein et al proposed the concept of a centimeter-scale gas turbine engine manu-
factured from refractory ceramics materials using semiconductor fabrication techniques [14].
A demonstration micro-engine shown on figure 1-1 producing 10 grams of thrust was de-
signed by John Protz [38]. This initiative led to a comprehensive multidisciplinary research
program at MIT that is focused on developing fundamental technologies required to build
such a device [13]. These technologies include modelling and microfabrication of high-speed
turbomachinery, high-speed gas bearings, compact combustion systems, high-power micro-
electrical motors and generators, high-temperature micro-scale packaging, high-performance
structures, and advanced materials. These fundamental technologies have a broad range
of applications including jet engines for propulsion, gas turbine engines for electrical power
generation, motor-driven compressors for fluidic pressurization, micro-coolers for microchip
cooling and microrocket engines for small-scale space propulsion.
1.2 Potential of microrocket engines
This effort to investigate micro propulsion system is motivated by a simple and logical
reasoning: on traditional liquid-fueled launch vehicles, the engines themselves tend to weigh
about twice as much as the payload being delivered to orbit. At launch, they are required to
produce a thrust slightly larger than the total weight of the vehicle. If they could produce
the same amount of thrust while weighing much less, this weight savings could be used to
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Figure 1-1: The demo micro gas turbine engine cross-section
increase the size of the payload.
There are two ways to increase the thrust to weight ratio for a given propellant com-
bination: First, a higher chamber pressure will lead to a smaller engine for a given thrust
level. This concept is limited by the structural constraints on the chamber walls and it
has already been exploited to its full extent. Therefore it may not bring much further im-
provement. The second one, which is what interests this paper, is to notice that the thrust
to weight ratio will increase by simply making the engine smaller at a constant chamber
pressure, everything else being equal. Indeed, the thrust produced is proportional to the
throat area, while the weight of the engine is proportional to its volume. For perfect scaling
the ratio of the throat area to the overall volume will increase as the engine gets smaller.
If one takes a traditional engine and makes four copies of it, each exactly half the size (one
eighth the volume and one quarter the exit area) of the original, the four engines together
would produce the same thrust as the larger original engine, but weight only half as much.
The same could be done with the half size engine, making a total of 16 quarter-size engines
which would still produce the same thrust as the original when ganged together, but weight
only a quarter of the original engine. In theory, this process could be continued indefinitely,
leading to a massively parallel thrust system with a very high thrust to weight ratio. Small
size and high thrust to weight ratio could enable very small launch vehicle, by providing
the high performance and low mass necessary for orbital insertion.
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1.3 Challenges of microrocket engines
As it is often the case, reality and practicality get in the way of theory. This approach was
used to varying degrees in both the US and Soviet Moon programs: The first stages of the
Saturn V was powered by five F-1 engines, saving about half the weight of an equivalent
single engine according to the above argument. The Soviet launcher was to be powered by
about 25 engines. By the argument above, we would expect that together they weighted
about a fifth of an equivalent single engine. The rocket never had a successful flight as
they were a number of single engine failures that led to unrecoverable failure of the launch
system. A system with a large number of engines has the capacity to provide redundancy in
that the loss of thrust from one could have a small effect on the total thrust level. However,
if the failure of one engine cannot be contained, additional engines will multiply the number
of single point failures modes for the launch system, leading to a significant reduced overall
system reliability.
Other practical issues arise as well. Small length scales make component thermal and
mechanical isolation extremely challenging. Moreover, one must justify the additional com-
plexity required in the plumbing and control of many versus fewer engines. Additionally, the
traditional view is that there is a minimum chamber residence time required for complete
combustion in rocket engines, which does not scale with size. This means that an exact
scaling of the engines cannot be performed without sacrificing the efficiency, something
launch vehicle designers are quite loathed to do. Cost is another concern. Using traditional
manufacturing methods, the cost of producing a half-size engine is probably not much less
than the cost of producing a full size engine, as in a perfect scaling each of the pieces would
have to be reproduced at half scale. The cost of a smaller engine might even exceed that
of a larger one as it becomes harder to reproduce the detail of the original at small scale.
Eventually, limits in fabrication technology would prevent from successfully making the
smaller engine. In any case, the cost per unit thrust of the engine would certainly increase.
It seems clear that the reduction in scale does not lead automatically to better system
performance. As it is usually the case, a high-level system trade-off is required in choosing
the appropriate number and size of engines for a given propulsion system. Nevertheless, the
microrocket engine has the potential to overcome a number of these drawbacks inherent in
the scale reduction of a large liquid-fueled rocket engine.
25
M
/Valves *"
Chamber Tupms~Uopumps
18 mm
Side C. oling
Pass ges
13.5 mm
Figure 1-2: The microrocket concept
Even at conventional scale, rocket engine design is among the most challenging of engi-
neering design problems. A rocket engine involves many individual components that must
operate together in a reliable manner at high rotational speeds and temperatures. This
makes the design problem highly interdisciplinary. Fluidic, thermal and structural con-
cerns must be satisfied simultaneously. For flight application, these components must be
lightweight and extremely rugged. All of this must be done within the constraints of a
realizable manufacturing process.
1.4 Program overview
The initial concept of the microrocket engine is shown on figure 1-2. Eventually it will be a
fully integrated system that will include the three majors following subsystems on a single
chip:
" A cooled thrust chamber and its nozzle
" One or more turbopumps
" Several flow control valves
1.4.1 Thrust chamber and nozzle
The first efforts in the milestone of the microrocket engine have been focused on developing
a micro-scaled cooled combustion chamber and nozzle [27]. The initial design was made
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of 6 silicon layers etched and bonded using the fabrication experience gained in the demo
gas turbine engine program. An exploded view of the thrust chamber is shown on figure
1-3. It has been developed, build and successfully tested at MIT. It should have a thrust
to weight ratio of 1250:1 at design point. Operating at 10% of design chamber pressure, it
has already demonstrated a thrust to weight ratio of 85:1 [36]. This work is believed to be
the first example of a continuous operating, liquid-cooled, bipropellant rocket engine thrust
chamber with a throat area that is less than 1 mm2
Top View of Wafers Bottom View of Wafers
Wafer 1:
Fluid Connections
and Plumbing
Wafer 2:
Top Nozzle Wall
and Top Cooling
Wafer 3:
Main Nozzle Flow
and Side Cooling
- *.. .-...-.. - Engine Plane of Symmetry ----- -
- .-- Eth
--- Oxygen
---- Water (initial coolant) (same 3 wafers are flipped and repeated below plane of symmetry to make complete engine)
Figure 1-3: Principle and photograph of the cooled thrust chamber system
1.4.2 Turbopumps
Current rocket thrusters at this scale are blow-down or regulated systems that rely on
pressurized propellant tanks to drive the propellant into the combustion chamber at high
pressure. Such engines require very heavy thick-walled tanks. The potential existence
of high speed rotating gas turbines at the millimeter scale implies the application of this
technology for another kind of turbomachinery: turbopumps for liquid propellant rocket
engines.
Turbopump systems provide a more complicated but much lighter alternative to pres-
surized tanks for pressurizing the propellants prior to their injection into the chamber. They
are several kinds of turbopump feed rocket engine cycles. The one we use is the expander
cycle in which the propellant are used as engine coolants as shown in figure 1-4. The fuel
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is first pressurized by the pumps at the exit of the tanks. It then feeds the turbines after
having passed through the cooling jacket where it picked up thermal energy. The fuel is
finally injected in the combustion chamber where it mixes and burns with the oxidizer.
The expander cycle provides good specific impulse and is relatively simple [37], which is an
important parameter for microfabrication.
Fuel Oxidizer
pump pump
Fuel
4turbine
OxidizerCooled turbine
chamber
and
nozzle
Figure 1-4: The expander cycle
If turbopumps could be added to the small rocket engines used on satellites, tank walls
could be thinner, resulting in significant weight savings that could translate into a larger
mass budget for payloads or into additional fuel for a longer lifetime. Moreover pumps
can supply higher chamber pressures than other feeding systems leading to smaller thrust
chamber for the same thrust and thus additional weight savings. However, the weight
savings is less significant, as the mass of the engines themselves tends to be a relatively
smaller fraction of the total propulsion system weight.
1.4.3 Valves
The liquid valve study has been started in 2002 based on previous work on micro gas valves
[46]. Valves have to stand a pressure difference up to 9 atm when closed and flow 0.5 g/s of
liquid when open. One valve system consists of a pilot valve that controls the main valve.
valves will be parallelized by clusters of ten to increase the mass flow up to 5 g/s.
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1.5 Prior work
The turbopump preliminary design has been conducted by Antoine Deux and is documented
in [7]. The set of requirement was established and addressed. A first turbopump geometry
has been proposed. The design of the rotating turbomachinery and the hydrostatic gas
bearing system was performed. Specifically, an innovative scheme with a concentric, planar
pump and turbine was proposed leading to a single-wafer rotor layout.
Sumita Pennathur identified the cavitation as a major technical issue for the microtur-
bopump. The cavitation phenomenon has been investigated on a micro-scale in conditions
similar to those present in the pump at design speed. Her work [34] shows that at the most
severe cavitating conditions the performance loss is close to 20 %. However no micro-scale
data was available to verify these findings.
1.6 Turbopump requirements
To demonstrate the feasibility of the concept, a micro-scale demonstration turbopump that
could be used as a booster pump with minor modifications was designed. Its functional
requirements are imposed by the combustion chamber [371: The pump has to achieve a
30 atm pressure rise for a mass flow rate of 2.5 g/s of water with Ppump i < 3 atm and
assuming a 30% efficiency. The turbine runs with 2.5 g/s of nitrogen with Pturbne in = 24
atm, Pturbne out = 9 atm, and it must have a net positive power for zero speed in order to
start rotation.
Hydrostatic thrust bearings and journal bearing comparable to the one used on the
MCBR and the turbocharger are used as a programmatic requirement. The device is a
single wafer rotor. Fabrication imposes a 300 Mm deep journal bearing and a minimum wall
thickness of 100 pm. Additionally, it does not allow for typical three dimensional features
such as inducers or diffusers. Ability to measure the speed and pressures stresses the need
for visible speed bumps and several pressure taps. Also the cavitation issue suggests having
the pump blade outlet visible.
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1.7 Organization of thesis
This chapter introduced the microrocket concept and motivated the development and testing
of a demonstration microturbopump with a given preliminary design. Subsequent chapters
describe the demo turbopump, design, development, and testing in detail.
Chapter two presents the overall system design and layout of the turbopump. it addresses
fluidic and structural issues completing [7]. The chapter focuses on the impact of compo-
nents design on overall performance.
Chapter three presents the pump blades CFD analysis. The calculations involved have
served to design the pump as well as a valuable feedback to check initial design assumptions
and minimize cavitation risks.
Chapter four deals with the demo microturbopump fabrication effort. This chapter summa-
rizes the fabrication process, addresses critical fabrication issues unique to the turbopump,
and explores the impact of fabrication capabilities on overall system performance.
Chapter five documents the experimental setup used for testing the devices.
Chapter six describes the experimental procedure and the results from the testing. compar-
isons between theory and actual behavior of the devices will be discussed. An error analysis
is presented in appendix A.
Chapter seven concludes this thesis by summarizing the progress done in the turbopump
project and provides recommendations for future work.
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Chapter 2
Turbopump design
2.1 Design introduction
The turbopump system supplies the thrust chamber and thus must match its required
pressure rise and mass flow. The thrust chamber requires 300 atm inlet pressure at a 2.5
g/s mass flow. This is extremely challenging at MEMS scale since no previous work has
been done in this range. The closed expander cycle suggests the same mass flow in the
turbine as in the pump. Bearings are required to support rotors. Fuel will be present in its
liquid phase in the pump and gaseous phase at high temperature in the turbine. Therefore
sealing will be required to isolate both flows. Strong pressure and temperature gradients
will generate mechanical and thermal expansion. Finally, the turbopump system must be
compatible with the state of the art in fabrication technologies.
2.1.1 Design choices
To successfully address such ambitious requirements, the policy adopted in the design pro-
cess was to use as much as possible the proven technologies of the different existing devices,
mainly the microbearing rig (MCBR) and the turbocharger / demo-engine. For each de-
sign choice, the simplest solution was systematically chosen. The aim of the project is to
demonstrate the concept, not strive for high efficiency [15].
To reduce the risk associated with cavitation, it was decided to split the pumping system
in two stages [34]: a boost pump will first provide a 30 atm pressure rise and a second pump
called main pump will furnish an additional 270 atm pressure rise. The following work deals
exclusively with a demonstration of the booster pump called the 'demo turbopump'.
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The head rise and the specific speed for such a pump are:
AP wQiH = --- ~ 300 m and N= 3 -0.3 (2.1)
P9 (gH)4
which is typical for a large scale centrifugal pump (low flow rate, high head) [5].
The existing combustion chamber was designed for ethanol and liquid oxygen but the
fuel and oxidizer of the future rocket engine have not been decided yet [22]. Therefore water
was chosen as the pump test fluid and nitrogen gas for the turbine for experimental ease.
The turbopump concept will first be demonstrated with fluids at ambient temperature.
2.1.2 Preliminary design
Due to the high density difference between water and nitrogen it is possible to arrange the
turbine and the pump concentric so that the pump blades are close to the center of the rotor
while the turbine blades are at the periphery. This innovative concept results in a single
wafer rotor, which greatly simplifies fabrication and reduces the rotor mass and thus limits
possible rotordynamics problems. This way the turbopump can be made from only 5 wafers
of silicon. The major drawback of this design is that all the features are squeezed on top of
the rotor, which limits future flexibility. Also it does not readily allow for a pump inducer
or diffuser and stresses the seal requirements given that the pump and turbine exhausts are
adjacent. Figure 2-1 shows the cross-section of the layout obtained.
Turbine rotor outer diameter 6.2 mm
Pump outer diameter 2 m..
Layer
(pyrex)
#1
#2
#3
#4
#6
pump turbine turbine pump
out in Joumal Back Thrust bearing out in
pressurization plenum plenum
plenum
Figure 2-1: Turbopump cross section
32
The diameter chosen for the rotor is 6.2 mm which is close to an existing device (the
turbocharger is 6 mm [40]) while containing all the turbomachinery needed. Hydrostatic
bearings of similar size as the ones used on the microbearing rig have been chosen. All
the visual control requirements (ability to view the speed bumps, the pump outlet, and
the turbine NGV inlet) are satisfied by capping the die with a pyrex window. Reduced
dimensions of the die limit the number of ports available, so only the pressure measurements
defined as vital have been retained. These are the pump outlet; the turbine inlet, outlet and
inter-row; and the journal bearing pressure. Other measurements will be taken externally
if needed.
Blade uniformity etching tests indicated that the best arrangement for etch uniformity
is five dies per wafer distributed as on figure 2-2 [33]. The fabrication numbering system
shown is the one used for die designation.
Figure 2-2: Photograph of wafer #3 showing the dies distribution
2.2 Detailed design
This section emphasizes the design of the major features of the turbopump.
2.2.1 Turbomachinery power budget
From 3.7 the power required to drive the pump is:
1 AP
Ppump = 7PmP (2.2)
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Assuming a pump efficiency of 30% (discussed in 3.6), the power required by the pump
is 36 W. Because of viscous losses occurring in the bearing and in the back plenum [7], the
turbine is designed to produce roughly 50 W of mechanical power. The turbine power is
given by the Euler equation:
Pturbine = i((VoVortor)LE - (V6rotor)TE) (2.3)
where vo is the tangential velocity of the flow in the absolute frame. Choosing W = 78500
rad, rTE = 2.4 mm, rLE = 3.09 mm, and VO.bTE = 0 m/s to satisfy the zero swirl Kutta
condition at the turbine outlet gives VOa.,LE ideal = 83 m/s. Assuming a 50% turbine
efficiency, VOabLE = 170 m/s minimum to guarantee a 50 W power.
2.2.2 Velocity triangle
The turbine blades geometry was slightly modified from [7] to improve the fabrication as
explained in 4.4.1. The velocity triangles were established using the continuity of the radial
mass flow for both the water and the air. The fluids should enter and exit the pump and
the turbine radially:
Vradial(r) = V - = n- with A = r . 2-rt (2.4)A
where t = 225 ,im is the height of the passage. The tangential velocity at the inter-row is
obtained from the continuity equation assuming density is locally uniform:
divi = c(rvr) + = 0 == vo = cst (2.5)
rOr r&o
Assuming a perfect Kutta condition, the blade leading and trailing edge angles a and
, are calculated using:
a, 3 = Arctanr where vrotor(r) = rw (2.6)
Vradial/
and naturally Vabsolute = Vrelative + vrotor. The different velocity triangles for the turbine
and the pump and their notations are shown on figure 2.2.2. The corresponding numerical
results are summarized in table 2.1. This velocity triangle was used as a baseline input in
an iterative model developed by Philippon [35] to compute the leading and trailing edge
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Figure 2-3: Turbopump velocity triangle.
blue: Vabsolute; red: Vrelative; green: vrotor.
V 2
V2
r3(0 \
rri
U2
\ r2(0 U'2
angles of the blades.
2.2.3 Degree of reaction
The degree of reaction of the turbine is the ratio of kinetic energy change in the rotor,
relative to the rotor, to the sum of that change and the change in the vanes [24]. That is:
V2 _ v/2
R = 2 = 0.56 for the turbopumpV'2 
_y2 + G12 2
(2.7)
2.2.4 Blade shape
Starting from these results, Harold Youngren designed the turbine rotor and NGV blades
using MISES. The design of the nozzle guide vanes is shown on figure 2-4. The design of
the turbine rotor is shown on figure 2-5. Because this constitutes the first ever pump effort
done at MEMS scale, the design of the pump blades required more attention and will be
discussed in further detail in section 3.3.
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Turbine
r3 2.4 mm
r4 3.09 mm
P. 81.20
at 81.2*
a't -71.50*
Ot -74.70*
V1 18 m/s
V2NGV out 156.7 m/s
V2turbi.. . 178.6 m/s
V2' 86.12 m/s
V3 61.4 m/s
V3' 195.9 m/s
Pump
ri 0.25 mm
r2 1mm
a' -69.9*
' it -88.7*
U1 7.1 m/s
U1' 20.6 m/s
U2 1.8 m/s
U2' 79.2 m/s
Table 2.1: Detail of an-
gles and velocities
NGV2b
Mach, - 0.0457
pI/po - 0.9985
1. 6 MISES
v 2. SS
1.41
1.2
MIaC
1.0
0.8
0.6
0.4
0.2
0.0
Mach2 - 0.2600
p2/pq - 0.9174
+
Figure 2-4: Design of the NGV from MISES with blades contour showing separated regions
and Mach number distribution; Machi and Mach2 = inlet and outlet Mach numbers, P1/Po and
P2 /Po = non-dimensional inlet and outlet pressures.
1.6
1.4
1.2
Mr.M
1.0
0.8
0.6
0.2
0.0
MISES Z38 oss-0.60
v 2.SS Mac - 0.4224 Machz - 0.5740
PI/ - 0.8845 P2/PN - 0.3532
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Figure 2-5: Design of the turbine from MISES with blades contour showing separated regions
and Mach number distribution; Same notations as above.
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2.2.5 Bearings
Bearings is a major issue for all MEMS spinning systems. The rotor requires axial support
provided by thrust bearings, and radial support provided by a journal bearing.
Two opposing hydrostatic thrust bearings keep the rotor centered axially. The forward
thrust bearing (FTB) consists in a ring of sixty 10 Mm diameter, 100 pm long injectors
evenly distributed and flowing high pressure nitrogen onto a 1.7 mm diameter, 400 Pm
wide annular pad placed between the pump and the turbine on the rotor. The aft thrust
bearing (ATB) is symmetrically opposed on the other side of the rotor. The thrust bearings
axial clearance is 2.5 pm on both sides when the rotor is centered. The design supply
pressure for each thrust bearing is 40 atm, the highest pressure present in the system, and
is designed to provide a stiffness of 3.6 N/1 im at zero eccentricity [7]. The thrust bearing
are modelled as represented on figure 2-6. They are being studied extensively by Diez [8].
lenum Perim
Ppump exit. mm Pturb exit 4-
R fixed P on rotor(Orifices)
Inherent Ppump exit
Pturb exit -------------------
Radius
R adjustable (Radial flows)
Figure 2-6: Thrust bearing geometry, model, and typical pressure distribution
A 3.1 mm diameter, 14 Mm wide, 300 pm long hydrostatic journal bearing supports the
radial loads. The journal bearing (JB) is very similar to those in the turbocharger (3 mm
diameter, 15 pm wide) and the one of the microbearing rig (12 pm wide, 300 pm long).
Rotordynamics has proven to be dependent upon journal bearing dimensions in the past,
and therefore special care is given to the journal fabrication as explained in 4-3. Functional
journal bearing characteristics and performance will be discussed in more detail in section
6.4.
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2.2.6 Axial balance
Although the thrust bearings can support axial load, they provide maximum stiffness when
the rotor is centered and the pressures are balanced. Therefore, a plenum was added to the
aft side of the rotor. The pressure in this rear plenum can be adjusted so that the force it
applies on the rotor compensates for the turbine and pump loadings. Its depth was chosen
to be 50 pm to reduce the drag on the bottom of the rotor [7].
2.2.7 Sealing
Due to space limitations on the top of the rotor it was decided to use the forward thrust
bearing as a seal between the pump and the turbine exhausts. Calculations showed that
the 400 pm width of the pad and the less than 5 pm clearance should be enough to stand
sufficient pressure gradients: At design point the turbine outlet pressure is 9 atm while the
pump outlet pressure should be close to 30 atm, creating a AP = 21 atm pressure difference
across the seal. Surface tension action resulting from the presence of water on the pump
side was not taken into account. On the aft side of the rotor, the aft thrust bearing seals
between the journal bearing plenum and the rear plenum.
2.2.8 Plumbing
The piping design of the microturbopump die was constrained to known microfabrication
capabilities. The desire to reduce the number of masks standardized the depth of the chan-
nels for each wafer. All features must be two dimensional exclusively. Out of plane piping
turns must be made with right angles. A detailed analysis of the plumbing optimization
including pressure loss minimization is presented in section 2.3.1.
The large plenums used to level the pressure at the turbine inlet and outlet proved to
have structural issues and appeared to jeopardize the quality of the wafer bonding. This
issue has been fixed by adding posts to stiffen the structure and transmit the compression
forces applied during bonding.
The final layout of the turbopump plumbing is shown on figure 2-7.
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Figure 2-7: Final layout of the turbopump
2.2.9 Packaging design guidelines
The demonstration turbopump was designed to be tested on a rig using off-the-shelf flow
sensors and controls. Therefore its packaging must adapt the outer world piping to micro
scale. Since it will operate at ambient temperature a simple O-ring sealed configuration was
chosen. Having all the fluid connections on only one side of the die makes the design of the
packaging easier. Moreover positioning them at the periphery of the die allows all O-rings
to have the same compression as explained in section 2.3.2.1. This approach complicates
the internal piping of the die however. The top of the packaging must allow for good visual
access to the center of the pyrex window. The design of the packaging is documented in
section 5.1.
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2.2.10 Rapid prototyping design tool
The turbopump has been the first MEMS device to benefit from the rapid prototyping.
A 3D-print of the five silicon layers was made using the MIT Aero/Astro department
3D-printer. This is strongly encouraged for future devices as well as new designs of the
turbopump as it provides a great way of visualizing the inside of the turbopump in 3D at
little cost. The scale chosen was 6 x for the width and the height of the turbopump and
18 x for the thickness in order to have a model strong enough.
The model proved very useful in checking the conception and the feasibility of complex
features, as well as for showing what the result of the fabrication should be. The 3D model
of wafer #3 is illustrated in figure 2-8
Figure 2-8: Wafer #3 of the 3D model obtained by rapid prototyping
2.3 Engineering analysis
This section presents several points of design that required a further analysis. These items
could present some issues impeding the success of the turbopump, hence the need of address
them carefully.
2.3.1 Fluid analysis
Fluid mechanics has been given a priority in designing the turbopump. The most important
issue was to minimize the pressure drops along the turbine and pump inlet and outlet
flowpaths in the die since the mass flow per unit area is large, generating a concern for
turbomachinery efficiency. An iterative method was adopted for these four channels: a
first design was elaborated and losses were assessed. The places where pressure drops were
the highest were redesigned and pressure drops got recalculated again. Bearings and rear
plenum flowpaths have not been optimized in this manner.
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2.3.1.1 Model considerations
The ratio channelarea/channelperiphery scales with the characteristic dimension, thus it is
very small for MEMS. As Q = hAAT, the thermal transfer Q is high, and since silicon is
a good heat conductor, we assume that temperature of the fluid in the channel is constant
so the pressure variation of the fluid in the channels are considered isothermal. Thus an
isothermal P/p = const = R/T perfect gas model was chosen for the pressure drop model
in the turbine, while pump pressure drops are calculated using an incompressible model
p = const = 1000kg/s.
The four flowpaths concerned were modelled as a succession of channels and elbows
with circular or rectangular cross section to obtain a simple but realistic model. They
share a similar pattern: a round channel at the die inlet, an elbow connecting to a plenum
bringing the flow towards the turbomachinery in the center of the die, and a second elbow
connecting to channels used as injectors or diffusers. Plenum of variable cross section
have been approximated by rectangular tubes with cross-section averaged along the plenum
length.
2.3.1.2 Loss assessment
From [18], the pressure drops in a pipe are given by the Darcy-Weishbach equation:
AP = 1 pV2 (2.8)
2
where the pressure loss coefficient =A& with I the length of the pipe and Do its hydraulic
diameter.
The velocity of the flow is simply given by the mass conservation equation:
V r (2.9)
p7r-4
A is the friction factor given by equation 2.10 for a turbulent flow in a circular tube with
walls of uniform roughness.
1
(1.8logRe - 1.64)2
Non-circular tubes such as plenums are modelled by tubes of rectangular cross section
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with width ao and thickness bo; the hydraulic diameter is Dh = 2abo . The friction coef-
ficient from equation 2.10 needs to be adjusted using Anon-= knon-cAc where knon-c is
a function of the aspect ratio of the section of the tube. Since the wafer thickness is very
small compared to their width, the turbopump plenums have an aspect ratio b smaller
than 0.2 and thus we consider knon-c = 1.1 according to [18].
For an elbow, the pressure loss coefficient is the sum of the local resistance of the bend
c and the friction coefficient f, but f, ~ 0 since the length of the elbow is negligible.
So:
= kAkpeC1Aioc (2.11)
Ioc = 0.99 and A = 1.1 for a 90* angle elbow. C1, kRe, kA are functions of the aspect
ratio of the channel, the Reynolds number of the flow, and the local roughness of the wall
respectively. Once is known, AP is calculated using 2.8
2.3.1.3 Flowpaths optimization
It is clear from these equations that pressure drops can be lowered by decreasing the length
(linear effect) of the channels and increasing their cross section (quadratic effect) to lower the
flow velocity. Since the depth of the plenum is constrained by the minimal wafer thickness
requirement from 2.3.2.3, only the length and the width of the plenums have been optimized.
The turbine outlet flowpath is the most delicate to optimize because the velocity of the gas
will be large given the reduced pressure and thus reduced density of the gas. Table 2.2
summarizes the results of this optimization and compares the pressure drops of the final
design with the ones of the initial non-optimized one.
2.3.1.4 Conclusion on fluid optimization
Table 2.2 clearly shows that more than 80% of the pressure losses occur in elbows. Thus the
surface of elbows has been maximized. This is the reason why the channels of the turbine
flowpaths have an elliptical shape originally. The optimization increased the size of the
connections between the plenums and the channels to the maximum as constrained by the
die size. This dramatically reduced the pressure drops, by more than 50% for the turbine
flowpath, and about 10% for the pump flowpath. The pressure drops now represent only
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Turbine inlet - isothermal model
Element: Losses % of total loss % of APturbine
Plenum 7133 Pa (2242 Pa) 19.43% 0.48%
Elbows 29405 Pa (147024 Pa) 80.10% 1.96%
Channels 172 Pa (129 Pa) 0.47% 0.01%
Total Tin 36709 Pa (149396 Pa) - 2.45% (9.96%)
Improvement -75.4% -_-7.51%
Turbine outlet - Isothermal model
Element: Losses % of total loss % of APturbine
Plenum 3696 Pa (34432 Pa) 3.18% 0.25%
Elbows 105869 Pa (203657 Pa) 90.98% 7.06%
Channels 6806 Pa (4121 Pa) 5.85% 0.45%
Total Tut 116371 Pa (242210 Pa) - 7.76% (16.15%)
Improvement -52.95% -_-8.39%
Pump inlet - Incompressible model
Element: Losses % of total loss % of APpUmp
Plenum 1367 Pa (12894 Pa) 1.78% 0.05%
Elbows 74957 Pa (74957 Pa) 97.60% 2.68%
Channels 477 Pa (477 Pa) 0.62% 0.02%
Total Pin 76801 Pa (88329 Pa) - 2.74% (3.15%)
Improvement -13.05% -_-0.41%
Pump outlet - Incompressible model
Element: Losses % of total loss % of APPUmp
Plenum 538 Pa (158 Pa) 5.44% 0.02 %
Elbows 9333 Pa (9333 Pa) 94.24% 0.33%
Channels 32 Pa (32 Pa) 0.33% 0.00%
Total Pout 9903 Pa (9524 Pa) - 0.35% (0.34%)
Improvement +3.98% -_+0.01%
Table 2.2: Summary of pressure losses. () refers to the initial flowpath design
about 10% of the total pressure drop in the turbine and only 3% of the pressure rise of the
pump.
2.3.2 Structural analysis
The turbopump had three major structural concerns: the structural integrity of the silicon
given the pressure forces in the system, possible rotor rubbing on the top and bottom plates,
and the strength of the pyrex window.
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Figure 2-9: Rotor cross-section and model for deflection analysis
2.3.2.1 Top plate deflection
One issue in the microbearing rig operation is that its exhaust port is in the center of the
die. This allows for straight pressurization of the rear plenum and the pump, but creates a
problem when the die is clamped in its packaging since the compression of the center O-ring
deflects the top plate which can reduce thrust bearing clearance on the rotor. This forced
the use of a low compression rate (10%) for the center O-ring of the MCBR leading to a
delicate design of the 0-ring grooves and occasional leaks.
This issue was studied for the turbopump. The top plate was modelled as an annular
plate with a uniform annular load [39] as shown on figure 2-9. The top plate was to be made
of two wafers of 0.5 mm thickness, which we can consider as a t = 0.650 mm thick plate to
account for the 0.350mm deep etching of the plenums. The radius of the unsupported area
is a=3mm.
The maximum plate deflection is given by:
y _ =CL 6 - L3) (2.12)D EG4
where D is the plate constant defined by D = Et3/ 12(l - V2) , E=156 GPa the Young's
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modulus, V = 0.22 the Poisson's ratio, and C1, C4, L3 , L6 are the plate functions defined by
C i = kln + 1-v ( -)
C4 = (+ V))A +(-v)q]
L3 = [ (L)2 + 1 n-a + (ro)2 _ 1
a= 4 (9)2 a r+2ln
Then the deflection at radius r is given by
y(r) = yA + ObrFl - W G (2.13)
where 9b is the angle of the plate at its inner radius: 9 b = 2 L6 with
F1 = 4ivlr + 1- ( -_)
G3  { [(ro)2 +1 1nr + (r)2 _ 1 Jro
Apple Rubber O-ring #002 hardness 70 similar to the one used for the microbearing
rig were considered. The calculation is done for 10%, 20%, 30% and 40% compression,
10% being considered as the minimum for sealing and 40% as the maximum for stress
concentration. Then w is the linear force applied at a radius ro = 1.17 mm over the top
plate and can be estimated as a function of the compression using [3]. The top plate might
first touch the rotor at the inner edge of the TB seal (r = 1.5mm) or over the pump blades
(r = b = 0.53 mm, hole radius). The clearance is 2.5 Mm over the TB seal (assuming it's
centered) and 20 pm over the pump blades. Table 2.3 shows the results of the calculation.
Compression Force/Length (g/mm) A y(1.5mm)
10% 540 13pm 7.6 pm
20% 1220 29.3p.tm 17.3pm
30% 2430 58.5pm 34.3pim
40% 3940 94.8pm 55.8pam
Table 2.3: Top plate deflection results
As we can see the rotor is clamped at the TB seal even with a 10% compression. The
way to avoid this problem is either to move the TB seal to the periphery of the die, or use
thicker wafers for the top plate. The first solution cannot be implemented since the outer
portion of the rotor is occupied by the turbine blades. The second solution would increase
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the size of the die.
Other drawbacks of having a hole in the center include the reduction of the seal gap
which will affect the TB behavior and delicate design of the packaging grooves since the
center O-ring compression would have to be strictly controlled. All those considerations led
to a design without a port in the center of the die.
2.3.2.2 Top pyrex wafer
Since the turbopump deals with both liquid and gaseous phases and has no exhaust at the
atmospheric pressure (as on the microbearing rig), none of the flow is vented to atmospheric
pressure. However, we need optical access to the speed bumps for rotation rate measure-
ments, to the exhaust of the pump for cavitation control, and to the inlet of the NGV to
check for water leaks. These issues were solved by bonding a thick transparent layer of
pyrex 7740 glass to the top of the turbopump die.
From [39] we know that the maximum constraint for a flat plate of length a, width b
and thickness t is:
Umax =- qb2  (2.14)
where # is a function of the aspect ratio of the unsupported area. For the turbopump,
the two pump outlet plenums on the top of wafer #1 are the largest open areas exposed
to the highest pressure. Their aspect ratio is approximatively 3.5 resulting in a # ~ 0.73.
Considering the turbopump running at design pressure, a = 30 atm and taking 07max =
72MPa as a reasonable working strength for the Pyrex 7740 [43], we find that the plate
needs to be at least 520 pm thick.
The problem is that pyrex is a brittle material, so its strength is very dependent on the
presence of flaws such as cracks or scratches. The best way of obtaining data about such
brittle material is mechanical testing. While operating her cascades, Pennathur reported
in [34] breaking her 500 pm pyrex window at a pressure of 138 psi (= 950000 Pa) over an
unsupported area 4 mm wide.
Using 2.14 this gives a maximum strength Umax = 17MPa which means the minimum
thickness for the turbopump pyrex plate would be 1.1 mm. In order to have at least a
200% safety margin, we chose to use some 3 mm thick pyrex for the top plate. Assuming
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U-max = 17MPa this plate should then stand pressures up to 235 atm, which is more than
5 times the maximum pressure in the system at design point and represents a 500% safety
factor from what linear stress and strain theory predicts.
2.3.2.3 Silicon structural integrity
The demo turbopump handles pressures one order of magnitude higher than do the pre-
viously demonstrated MCBR and turbocharger. Therefore, its static structural integrity
was analyzed. However, the turbomachinery design was judged more challenging and so
was given priority along the design process. Consequently, the freedom to manoeuver was
limited to choosing the minimum silicon feature thickness needed to insure the structure
does not fail due to pressure forces.
The approach consisted of considering the maximum pressure forces that could theoret-
ically be present in the system and define a minimal requirement to be satisfied everywhere
in the die. The largest free surfaces are the two turbine inlet plenums that can be approxi-
mated as semicircular plates of radius 6 mm. The maximum pressure existing in the die is
40 atm present in the thrust bearing feed plenum at design point.
From [39] the maximum strain obtained is:
Umax = 0.42 qa (2.15)t2
Thus, considering amax = 160 GPa for the silicon, the theoretical minimal wafer thickness
is tmin = 19.5 pm. However silicon is a brittle material like pyrex thus the remarks from
section 2.3.2.2 apply here. Therefore it has been decided to consider the same 500% safety
coefficient and to design all the silicon walls of the turbopump with a thickness of at least
100 /Lm. This safety margin should also account for the fabrication tolerances in etch depth
and width. A more precise statistical design approach suitable for brittle materials could
be used here [6].
The demo turbopump handles pressure 'only' up to 40 atm, but eventually pressures
up to 300 atm with strong thermal gradients will have to be contained in the final rocket
engine system.
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Chapter 3
CFD analysis of the pump
3.1 Objectives
The microturbopump is believed to be the first liquid centrifugal pump ever built at the
MEMS scale. Design issues include:
" Pressure rise
" Efficiency
" Diffuser pressure recovery
" Impeller performance
" Cavitation
" Tip clearance losses
A 3-D CFD analysis has been used to simulate the pump flow field and elucidate the flow
features such as the above. This analysis is aimed at validating the design point performance
intent: pumping 2.5 g/s of water with an ideal pressure rise of 30 atm and an efficiency
no less than 30%. The CFD analysis is also used to explore the behavior of the pump at
starting (low speed) and map its performance.
3.2 Procedure
The first rotor design was done by Harold Youngren using MISES, a 2D-Euler & boundary
layer design code, to design the blades. Then a 2D model has been elaborated using the
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commercial Navier-Stokes code FLUENT (version 5.3). This comparison was used to cali-
brate the FLUENT inputs so that the results obtained match the MISES results. FLUENT
was then used for 3D calculations.
We choose to progressively introduce the geometric complexity to eventually reach a
very complete model of the pump geometry. Therefore we started from a simple 2D blade
calculation and then extruded the mesh into 3D. Then we successively added the inlet and
outlet right angle turns, the tip clearances, and finally the relative walls motion between
the rotor and the stator.
In this chapter, emphasis will be given to describing the grid meshing of the passage
since this proved challenging due to the high radial expansion of the passage.
3.3 Blade design
The pump blades were designed using MISES. MISES is a 2D-Euler code developed by
Drela/Youngren [11]. It is a finite volume code based on a viscous-inviscid model that
solves the Euler equations coupled with the integral boundary layer equations.
The rotor speed was chosen as a trade-off to balance the rotordynamics issues, the
technical risks associated with cavitation, and the blade loading. High rotor speed implies
a significant risk for the bearings, while low speed gives up losses for reduced backsweep
leading to greater risk of flow separation and possibly enhanced cavitation. Also if the design
contains significant regions of flow separation then the mass flow rate will not be correctly
simulated by MISES. However, for the demo turbopump, cavitation can be suppressed with
a higher inlet pressure if necessary [15], so it was decided to minimize the rotor speed to
reduce rotordynamics loss. This speed is w = 78500 RPM.
The very useful feature of MISES is that it allows inverse design, which means it finds a
blade profile matching a given field function. In the case of the turbopump, the inputs are
the blade angles (determined by the velocity triangle), the leading edge and trailing edge
radius, the inlet and outlet total pressure, the 2-D surface mass flow and the rotor speed.
The pump blades profile calculated by MISES is shown in figure 3-1.
The Reynolds number based on blade chord is: Re = -- = 15000
which is typically a transition value. At this Re, MISES predicts that the transition occurs
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Figure 3-1: MISES-generated Pump blade profile and predicted streamlines showing flow
separation
on both sides of the blade: at 95% of the chord on the suction side, and 15% of the chord on
the pressure side. The contours of C, (defined by equation 3.3 in section 3.4.4) is illustrated
on figure 3-2 in the polar frame (r, 0) which is the unique display frame for MISES [47].
3.4 2D simulation using FLUENT
FLUENT 5.3 is not able to correctly simulate the transition along a blade profile. Thus,
we have to choose to run the calculation with a flow either laminar or turbulent. Since
transition occurs at almost opposite points, it would be useful to assume that the flow on
the suction side is laminar and the flow on the pressure side is turbulent. In FLUENT, this
can be done only by using the renormalization group (RNG) option that can be associated
to the k - e turbulence model. Unfortunately, the RNG model did not work properly on
the current version of FLUENT. Consequently, it was decided to run both laminar and
turbulent cases to compare the results. Thus, calculations have been done systematically
with 3 different models: Laminar, k-e (conventional powerful turbulent model) and Spalart-
Allmaras (turbulent model that favors downstream mixing [10]).
Once agreement with MISES results was obtained, The FLUENT 2D calculations were
used to predict the behavior of the pump at starting, map the pump operation, and explore
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Figure 3-2: Contour (left) and profile (right) of C, from the MISES calculation with the
blade profile and the separated regions; Mach, and Mach2 = inlet and outlet Mach numbers, P1/Po
and P2/Po = non-dimensional inlet and outlet pressures, S1 and S2 = inlet and outlet blade angles in degree,
Re = Reynolds number, w = total losses, w, = very rough approximation of the viscous losses, not valid here
[10].
cavitation risk. MISES always return blades with a sharp trailing edge. This is the exact
blade profile that has been used for the fabrication process. However, FLUENT requires
a smooth, closed blade contour. Consequently, a half-circle has been added at the trailing
edge of the blades for the calculations so that the passage can be meshed and computed
correctly in FLUENT.
3.4.1 2D Grid
A 2D grid of a pump passage was built using the software GAMBIT [2] and is illustrated on
figure 3-3. This passage proved delicate to mesh because the ratio roat/rin = 4 is very high.
The mesh used is H-O-H topology which gives an adequate grid density in the boundary
layer and good refinement close to the leading and trailing edges as shown on figure 3-3.
MISES located the iso-potentials at R = 0.2378 mm and R = 1.0037 mm, which we will use
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Figure 3-3: The 2D-mesh and a blow up of the leading edge showing the fine boundary layer
grid
as control surfaces referenced by 'True inlet' and 'True outlet'. Gambit required the grid to
extend upstream to R=0.lmm and downstream to R=1.7mm.
The grid has four blocks with different topologies. The inlet area and the two blocks
on both sides of the blade are mapped with structured quadrilaterals whereas the outlet
block has an unstructured grid made of triangles that get coarser downstream so as to.
increase the numerical viscosity. The high dissipation obtained should improve the mixing
and prevent reflection from the outlet boundary and thus accelerate the convergence. Local
smoothing has been used close to the leading and trailing edges to reduce the cell skewness.
The boundary layer along the blade is of type 0, 12 cells thick with an expansion factor of
1.3 and a 0.1 mm thick first cell.
The quality of the mesh is controlled using the y+ standard quality parameter as defined
in [4]:
+ Re= Re (3.1)2 = F2 21n2 (6Re)-R(31
A grid is considered acceptable if y+/y < 1 [47]. Assuming Rex = 0.1-Re = 1500 we find
y+ = 0.159tm so y+/y << 1 which is very satisfactory. Therefore wall functions will not
have to be used [1]. The grid obtained has 7,884 nodes / 7,846 cells (fle: LauV3dense.msh).
With the small lengths involved here (minimum volume = 1.51 .10-19 M3 ), it appeared
mandatory to use double precision in the calculations to avoid abusive rounding of very
small values to zero by FLUENT.
3.4.2 Solver choice and initialization
A correct solver choice and initialization helps the calculation to converge faster and prevents
the explosion of the system. The solver chosen was of type segregated implicit with relative
velocity formulation and steady time. This solver is preferred to the coupled one for low
compressibility flows according to [1] even if it usually takes slightly more time to converge
than the coupled solver. The difference is the segregated solver solves momentum equations,
the pressure correction (continuity) equation, and turbulence equations sequentially. The
operating condition was 0 Pascal meaning that all the pressure obtained will be relative to
atmospheric. The fluid used was water in a moving reference frame spinning at w = -78500
rad/s. The equations were solved in the absolute reference frame, and the initial conditions
are v = Om/s relative to the cells and P = 350,000 Pa everywhere.
3.4.3 Calibration
In FLUENT, the inlet and outlet boundary conditions are applied at the limits of the mesh
hence they have no physical meaning. As explained before, two fictive control surfaces
named 'true inlet' and 'true outlet' have been created to compare the FLUENT and MISES
results at the leading edge and the trailing edge of the blade. Thus the values of the field
functions at the true inlet and outlet are obtained by interpolating and averaging over the
true boundaries.
In 2D, FLUENT allows us to control the inlet velocity, and the outlet static pressure.
The inlet velocity is considered uniform, normal to the boundary, and its value can be
calculated using the mass conservation equation:
're 2.5.-1-
V; = 98 = 2-. 0 - 17.7m/s (3.2)pA 998.2 -27r -0.1 . 10-3
and the outlet static pressure has been first set to Ps =4 8 atm giving successively 6.2 atm
in laminar, -11.6 atm in SA and 1.5 atm in k -E as the inlet total pressure. Consequently, in
the following calculations, the outlet pressure has been normalized independently for each
model so that the total inlet pressure is between 2 and 3 atm as it should be at design point.
Even when the numerical scheme chosen was of the second order in each case , the
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convergence remained marginal due to the very high backsweep angle (880) that created
oscillations in the residuals as shown on figure 3-4. Thus, a very low under relaxation
parameter had to be used, and as such, the solution changes very little from one iteration
to next requiring a large number of iterations to reach convergence.
ResidualsleO
-- continuity
-+- lvlct e+OO
- y-velocity
-.- k le--Ol
epsilon
le-BS '-
1.. 4-'
:6b 20S0 2.400 3B10 b s  
Iterations
Figure 3-4: Residuals oscillation resulting of an under relaxation parameter too high as the
2D calculation marginally converges
3.4.4 Comparison of different cases with MISES
The agreement with MISES is based on the comparison of the pressure rise and the C,
results.
Three 2D normalized calculations have been run at the design point using respectively
laminar, SA, and k - E turbulence models. The static pressure rise between the true inlet
and the true outlet obtained for a mass flow of 2.5g/s, 750,000 RPM (~ 78500 rad/s) is
28.85 atm (laminar), 29.64 (SA), and 29.85 (k - E). As we can see on figure 3-5, all the
turbulence models give results within 2% and these values are very close to the design value
of 30 atm, showing the good agreement between MISES and FLUENT.
The C, contours are calculated using
PS - Pref 1 2
C, = where qref = -PrefVref (3.3)
where Pref = PincampressiUe = 998.2 kg/r 3 , and Vref and Pref are the true inlet averaged
relative velocity and static pressure. Figures 3-6 and 3-7 show the contours and the profile
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Figure 3-5: 2D predicted pressure raise for the different turbulence models (left) and for the
k - c case along the blade and in the middle of the passage (right)
of C, along the blades near the leading edge for the laminar case, and both turbulent cases
are very close to it. It has to be compared with graph 3-2 that illustrates the values of C,
predicted by MISES. The comparison of the contour plots is diffcult because MISES displays
its results in a polar frame while FLUENT displays contour in cartesian (geometric) frame.
However, the C, profile can be plotted with respect to r for both software packages and it
clearly shows the very good agreement between FLUENT and MISES (figure 3-2 compared
to 3-6 and 3-7).
3.4.5 Cavitation
From [34], the cavitation number is o- = -C, where C, is defined by equation 3.3. Both
MISES and all the FLUENT turbulence models predict that the minimum C, is reached at
about 15% of the chord on the suction side of the blades and that Cp m ~ -0.5. Pennathur
showed in [34] that cavitation may start when C, < -1. Consequently these 2D simulations
predict that cavitation should not occur in the pump. The influence of including 3D effects
on cavitation will be addressed in section 3.5.9.
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3.4.6 Behavior at starting and map of the pump
A pump starts at zero speed then accelerates to design speed, so it is important to study
its off-design behavior. The pressure variation along a streamline in the pump is given by:
V219P PVO
or r
(3.4)
Thus AP varies as w2, whereas ?h varies as w. Therefore the path followed by the pump on
the map AP versus rh from zero speed to design speed is parabolic as sketched on figure
3-8. This map was obtained by running laminar calculations at different speeds: 250,000
RPM, or 1/3 of the design speed, 500,000 RPM or 2/3 of the design speed, and 750,000
RPM which is the design speed.
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Figure 3-8: Map of the pump and suggested behavior at starting.
Also the behavior of the pump with variable load has been mapped at the design point
and intermediate speeds to examine the system stability. Because this mapping requires
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considerable calculations, this study was conducted with the laminar model since it is the
fastest to reach convergence. For those calculations, the single parameter kept constant is
Pt in = 1.13 - 10 5 Pa that gives Pt t,.e inet = 2 atm which is the only physical condition
imposed along with the speed. As we vary slightly the outlet static pressure, the velocity
field and the mass flow adjust to match the desired pressure rise.
3.4.7 Discussion of 2D flow simulation
The efficiency of the pump can be defined by the ratio:
= PUmpng (3.5)
Pshaft
where Pshaft is the power supplied by the shaft calculated using:
'Pslzaft =Na~ Mijad W (3.6)
and Ppumping is the power delivered to the fluid in the form of the pump rise:
Ppumping = -AP (3.7)
To compute the efficiency, AP will be defined as Pout - Ptn which assumes as a first
approximation that there is no pressure recovery of the dynamic head at the outlet of the
pump. This is a conservative assumption. The pump has no diffuser, so it is difficult to
predict the pressure recovery in 2D. This issue will be developed later on in 3.5.6.
The efficiency has been calculated for all three cases. 2D-efficiency results are summa-
rized in table 3.1. One can see that the average efficiency obtained is approximatively 50%.
The laminar model prediction is a bit higher perhaps because it does not account for the
separation losses, while the Spalart-Allmaras model predicts a lower efficiency because of
the overestimated downstream mixing losses.
Model AP(stati-total) I Pptmping I Phaft I Efficiency ri
Laminar 28.84 -105 Pa 7.20 W 13.25 W 54.4%
k - E 29.85 -101 Pa 7.46 W 14.84 W 50.3%
Spalart-Allmaras 29.64 .105 Pa 7.42 W 115.70 W 47.2%
Table 3.1: 2D predicted pressure raise and efficiency of the pump
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The laminar calculation predicts a 1 atm lower pressure rise than the turbulent ones,
probably because of a thicker boundary layer that reduces the effective size of the passage
and thus increase the velocity in the core flow, which enhances pressure drops.
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Figure 3-9: Contours of total pressure from turbulent Spalart-Allmaras 2D calculation
It is important to note that the pressure rise is mainly due to the radial expansion of
the passage. This is clearly visible on the total pressure field plotted on figure 3-9. The
blades serve mainly to prevent flow separation that increases losses and reduces the pressure
rise. Also we can see on this plot that the point of minimum C, is in fact the point where
the total pressure is minimum (15% of the chord on the suction side) which makes sense
because it is also the point of minimum P, since v = 0.
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3.5 3D calculations
3.5.1 Strategy
To reduce the risk associated with the challenging geometry and complicated 3D effects it
has been chosen to add geometry complexity one step at a time. Starting from a converged
2D calculation, we first simply extruded the grid to generate the third dimension. Once the
calculation of this 3D grid reached convergence we added successively the inlet and outlet 3D
geometry, the tip clearance, the moving walls, and eventually the wall non adiabatic effects.
We wished to see the impact of these parameters on the pump pressure rise and efficiency.
To keep a definition consistent with the 2D calculations, the pressure rise considered in
the pump was always AP = P, ,ut - Pt in. This will be discussed in the pressure recovery
section (3.5.6).
For these calculations, the total inlet pressure Pt in = 2 atm and the speed w = 78500
rad/s were kept constant. The mass flow was also kept constant by adjusting P, .t so that
'r = 2.5 g/s ± 0.5%.
3.5.2 First 3D grid
This grid was obtained simply by extruding the 2D grid from section 3.4.1 with the outlet
part now meshed using a structured T-grid for periodicity. The nodes have a symmetrical
double logarithmic repartition along the vertical edges with a very small spacing close
to the extremities (2 1tm) to account for the boundary layer near the top and bottom
walls. Finally the grid was optimized to reduce the skewness of the cells and smoothen the
transition between the boundary layer and the regular cells using a Cooper hexagonal/wedge
algorithm. The grid obtained has 106,512 nodes / 100,560 cells (file: Lau3Dfinal.msh) and
is illustrated in figure 3-10.
3.5.3 First 3D calculations
For the three cases considered (laminar, k -E, Spalart-Allmaras), the flowfield was initialized
using the corresponding 2D solution converged on each layer of the mesh. This made the
convergence very fast for the mid-span points . However, it is not optimal close to the top
and bottom walls since the relative velocity there has to be zero. But this was the best
initialization assuming that the flow was not fully developed and that the contraction in
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7Figure 3-10: The 3D grid extruded from 2D
the passage remained reasonable, which was checked later. Initializing the turbulence by
patching k and E from the 2D calculation without re-initializing the entire flow field gave
very good results.
Very low (0.01) under-relaxation factors were used at start to prevent the calculation
from exploding. Generally, under-relaxation was kept low, and thus a large number of
iterations (approximatively 50,000) was needed for convergence. Even so, the convergence
was marginal as in 2D because of reversed flow at the outlet. In addition, due to the sharp
angles of the domain to mesh, some cells still had a skewness higher than 0.9. Using a
pressure inlet condition to replace the pressure outlet condition giving high swirl to the
reversing flow rather than having it come in normal to the boundary proved no help. The
torque on the blade fluctuated by 1-2%. Also, setting the velocity of the flow at the outlet
made mass flow convergence harder and thus this technique was abandoned.
Since y+ is very small, the "two layer near" model can be used and gives satisfactory
results [1]. The pump pressure rise is comparable to that obtained using the 2D model,
suggesting that the 3D model works well, since the only physical change in the flow is the
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boundary layer at the top and the bottom. All models predict approximatively 29 atm of
pressure rise, with less than 1% relative difference. The efficiency of the laminar case drops
to 47% because of a higher friction along the blade. The turbulent models still predict more
than 50% efficiency.
3.5.4 Streamlines and flow contraction
FLUENT provides a capability for visualization of the flow streamlines by tracking simu-
lated particles. This gives the trajectories of the particles, which are streamlines since the
calculation is steady. Displaying streamlines in a particular region requires determining
approximately the corresponding injection points which can be challenging.
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Figure 3-11: Top view of the trajectories/streamlines
Streamlines from the linear 3D calculation are illustrated in figure 3-11 and 3-12. Figure
3-11 shows that the suction surface streamlines remain attached until the end of the blade,
whereas they separate from the blade pressure side and mix very quickly. This is in good
agreement with MISES initial prediction (transition at 95% chord on suction side and
15% chord on pressure side). Even with the laminar solver, the predicted behavior of the
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streamlines show vortices which proves that the flow is mostly turbulent on the pressure
side.
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Figure 3-12: Lateral view of the trajectories/streamlines for the suction side(left) and the
pressure side (right). The color level represents the velocity magnitude
Figure 3-12 shows the relatively large contraction of the streamlines on the laminar side
of the blade (suction side). There is no apparent contraction on the pressure side of the
blade. Since the latter flow is mostly turbulent, a laminar model may not be accurate
though. The contraction of the flow on the laminar side is approximately 60%. This is due
to the fact that the boundary layer of the flow at the foot and at the head of the blade is
locally laminar and thus very thick. In contrast, the head and foot boundary layer on the
pressure side are turbulent and thus much thinner, so that the contraction on this side is
negligible.
3.5.5 Inlet/outlet geometry and second 3D grid
In this section, the goal is to include the inlet and outlet right angles and understand their
impact. This pump has no inlet inducer or outlet diffuser to reduce the losses. At the rotor
outlet, the flow has a high swirl which must be diffused to avoid loss.
The channel geometry was modified to reflect the true inlet and outlet geometry. The
inlet was extended to the center of the rotor and the outlet has been cut at r = 1.5 Am
which is the position of the forward thrust bearing seal wall. The presence of the speed
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bumps was not modelled here since their period is not a multiple of the number of blades.
Two blocks of arbitrary thickness 225 4tsm were added on top of the inlet and outlet section
to model the inlet and outlet duct on a length which is the same order of magnitude as the
blade span. The grid obtained has 128,808 nodes / 177,670 cells and is sketched on figure
3-13 (file: Lau3D...angle-final.msh).
Figure 3-13: The second 3D grid with inlet and outlet geometry
The boundary conditions were still the inlet velocity and the outlet pressure, except
that their values were modified since the mesh boundaries were changed. Adding the inlet
and outlet geometry did not significantly modify the pressure rise or the efficiency. This
makes sense since the pump passage was not modified, only external channels were added.
But this suggests that the translation of the boundary conditions was done properly as
the boundary conditions are now defined at the correct geometric inlet and outlet of the
pump, whereas the pump performances were still measured across the true inlet and outlet
imaginary surfaces.
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3.5.6 Pressure recovery
Since space on the rotor is limited and the pump is positioned inside the seal, there was
no room to put a diffuser before the right angle turn. Without a diffuser static pressure
could drop at the pump outlet. From a converged laminar calculation, the profile of static
pressure along the passage boundary can be plot (figure 3-14) as well as the evolution of
the total pressure (figure 3-15).
The solution shows that the kinetic energy of the flow is not completely lost. The
static pressure shows a slight recovery at the outlet of the pump while the total pressure
keeps increasing due to the relative rotor speed. The pressure recovery resulting from the
conversion of swirl at the interface rotor/stator cannot be modelled in a simple way due to
the complication of the seal gap.
3.5.7 Tip clearance and third 3D grid
Adding the tip clearance required another modification to the grid. The passage was now
split into two regions:
" A bottom region 225 Mm thick that contains the blade and is derived from the second
3D grid.
" An additional top region, 20 pm thick, that represents the tip clearance when the rotor
is approximately centered vertically between the thrust bearings. This top parts was
meshed with a very fine grid and includes a boundary layer subgrid to model the
leakage flow in the tip clearance. The tip clearance area accounts for more than one
third of the total number of nodes. Because of the complicated shape of the blade,
unstructured triangles were used to mesh the tip clearance.
The final grid obtained is now complicated, with cells of different shapes, and structured
and unstructured meshed blocks (file: Lau3D-angle_ TC-15.msh). It has 284,829 nodes /
351,654 cells which was reasonable in terms of calculation time. The grid is illustrated in
figure 3-16 with a blow up at the leading edge in figure 3-17 showing the tip clearance and
the boundary layer there.
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Figure 3-14: Static pressure recovery at the pump outlet
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Figure 3-15: Evolution of the total pressure at the pump outlet; average blade exit radius
= 1.3 mm
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Figure 3-16: The final 3D grid with the full geometry and tip clearance
Figure 3-17: Blow-up of the final 3D grid showing the tip clearance grid
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Because of the flow leakage over the blade tip, the pressure rise was lowered. Its value
was 24.5 atm, and again not dependent upon the turbulence model (less than 1% of relative
difference). The resulting decrease in Ppumping along with a slight increase in shaft due
to the additional friction over the tip of the blade dropped the overall efficiency by 3%, to
47%.
3.5.8 Moving walls
At this point the model considered assumed that the top wall and the inlet and outlet walls
are integral with the blade and the bottom. Now, we take into account that the first are
part of the stator and so have an angular velocity of +78,500 rad/s relative to the rotor.
In FLUENT this was done simply by modifying the boundary conditions to include this
velocity.
Therefore P,&,ft was modified. The previous definition of Pshaft (equation 3.6) is no
longer valid. Only the momentum of the pressure forces were considered over the blade in
computing the shaft power. This definition was unchanged in the previous 3D calculations
to remain consistent with the 2D calculation and thus enable the comparison of the results.
The new definition of Pahaft accounts for the drag created by the viscosity of the flow on
the bottom wall (rotor plate):
Pshaft = (Nblades M1blae + Mbottom) - (3.8)
Ppumpng remains unchanged as defined by equation 3.7. Thus the efficiency 7 will be
lowered compared to that calculated using equation 3.5. By calculating 77 both ways the
physical losses due to the energy dissipated at the moving walls can be separated from the
additional load on the shaft.
The moving walls did not significantly affect the pressure rise, which was still about 24.3
atm for the turbulent cases, but the thicker boundary layer at the head of the blade penalized
the laminar case by 2 atm yielding a pressure rise of 22.6 atm. The energy dissipated by
the moving walls lowered the efficiency by about 10%. This can be attributed mainly to the
tip clearance flow which has large shear stress due to the high relative velocity rotor/stator
and small clearance. This generates enormous friction over the blade tip. Increasing the
tip clearance gap size will lower this loss in efficiency but will drop the pressure rise too. A
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trade-off between pressure rise and efficiency suggests that an optimum tip clearance may
exist.
Adding the rotor load on the shaft lowered the efficiency by an additional 7 9 %.
The final efficiency was 30% ± 2% depending on the turbulence model chosen. Curiously
the k - E model (28% efficiency) and the Spalart-Allmaras model (31% efficiency) straddle
the laminar model (30% efficiency) which demonstrates the closeness of the laminar and
turbulent predictions.
3.5.9 Cavitation revisited
From the results of the 3D calculation we can now plot the profile of C, as defined previously
in equation 3.3. As the calculation is 3D, there will be a number of points representing
different spanwise location for each curvilinear abscises at which C, is calculated since C
varies along the span of the blade as shown in figure 3-18:
We can see that the minimum C, is reached at 15% of the suction side as predicted
in 2D, but the minimum value of C, is now -0.55, and it is reached exactly at mid span
(figure 3-19). This confirms Pennathur's assumptions [341 that cavitation would start at
the blade mid span if it starts. In this case, since Cp mm = -0.55 > -1 cavitation should
theoretically not occur in the turbopump at design point and so it should not be an issue
of concern.
3.6 CFD Conclusions
Table 3.2 summarizes the magnitude of the different sources of loss found.
Loss source Relative magnitude
2D viscous / power conversion 46% (Laminar) ~ 53% (S-A)
Head and foot boundary layers -7%1 (S-A) ~ 7% (Laminar)
Inlet and outlet right angle -4%2 (Lam) ~ 2% (S-A, k-E)
Tip clearance 4% (Laminar) ~ 5% (S-A, k-c)
Viscous loss on moving walls 8% (SA) ~ 10% (Laminar, k-e)
Hub additional shaft load 7% (Laminar) ~ 9% (k-c)
Total loss 69% (S-A), 70% (Laminar), 72% (k-c)
Table 3.2: Loss summary
'Because the boundary layer is very thin for a turbulent flow
2Probably due to the marginal convergence
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The pressure rise and the efficiency of the different models are summarized in figures
3-20 and 3-21 respectively. The major intermediate numerical values for all cases and grids
are presented in appendix B as it is believed this analysis could sensibly help to optimize
the pump in the future.
Pump blades have been designed and simulated in 2 and 3 dimensions using two different
CFD codes. MISES and FLUENT have shown a very good agreement overall. Impact of
inlet and outlet geometry, tip clearance and moving walls in terms of efficiency and pressure
rise has been studied. The absence of inducer and diffuser does not seem critical. Overall,
the pump should work close to its initial design point, except the pressure rise that will
be significantly lower due to the fact the initial design has been conducted only in 2D:
At design point, 300 K temperature, 750,000 RPM and 2.5 g/s mass flow of water, CFD
predicts a 23 atm average pressure rise with a 30% average pump efficiency. Cavitation has
been studied and ruled out as a potential issue for the demo turbopump.
3.7 Preparation for future Work
The logical follow-on to these calculations is the addition of wall heat transfer effects.
Indeed, in the future all-integrated rocket engine the turbopump will be located in a close
proximity of the hot thrust chamber. Even with good chamber cooling, because of the
excellent thermal conductivity of silicon, it is reasonable to assume that the walls of the
turbopump will be at a temperature much higher than the 300K used in the calculations
described herein. Moreover, the flow in the turbine will be at high temperature since it
comes directly from the chamber cooling jacket (expander cycle). Hence the need for non-
adiabatic calculations is evident. Since this issue is not critical for the demo pump that
spins at ambient temperature, the only work in this direction was a model for the variations
of the properties of water and a few calculation run before the CFD analysis was finish.
This model is explained here since it can be useful if CFD analysis of the pump is resumed.
Since the temperature of the flow can now vary, the energy option has to be activated in
FLUENT.
Four physical properties of water are involved in the equations to be solved by FLUENT.
These are viscosity, density, specific heat, and thermal conductivity. FLUENT allows these
properties to be specified as 6 degree polynomial functions of the temperature. Therefore,
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the water tables from [16] were interpolated using MATLAB. The coefficients obtained for
each physical property are showed in table 3.3 along with the graph showing their variation
with temperature and the acceptable quality of the interpolation in the range [300K-600K].
It was assumed that the fluid enters the pump at a temperature of 300K since it comes
directly from the tanks. As its temperature rises, the Reynolds number will be modified as
the viscosity and the density both drop. Those two parameters act in opposite ways, but
the viscosity drop is stronger, so the Reynolds number will globally raise as shown on figure
3-22.
3
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Figure 3-22: Temperature variation of the Reynolds number in the pump
As a consequence, we expect the transition to happen earlier on both sides of the blade
and so the turbulent calculation should be preferred. Only one calculation using the first 3D
grid with walls at T=400K and Spalart-Allmaras turbulent model was run to convergence.
It appears that the pressure rise drops a bit, from 24.4 atm to 23.9 atm while the efficiency
improves by 4%, probably due to the viscosity decrease. At this point, the CFD effort was
terminated, but this approach is strongly encouraged for further pump study.
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1100
1000
Density
Degree Coefficient
0 -5.734E+04
1 8.603E+02
2 -5.202E+00
3 1.653E-02
4 -2.909E-05
5 2.691E-08
6 -1.022E-11
co
a
C
900-
800.
700.
600-
500-
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300
25
Viscosity
Degree Coefficient
0 3.054E+05
1 -3.913E+03
2 2.077E+01
3 -5.830E-02
4 9.117E-05
5 -7.525E-08
6 2.561E-11
E
0
0 300 350 400 450 500
Temperature (K)
550 600 650
1800 -
1600-
1400-
1200-
1000-
800-
600-
400
200
0'
250 300 350 400 450
Temperature (K) 500 550 600 650
Table 3.3: Interpolation of water physical properties (1/2)
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Specific Heat
Degree Coefficient
0 9.313E+02
1 -1.398E+01
2 8.663E-02
3 -2.822E-04
4 5.099E-07
5 -4.847E-10
6 1.896E-13
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5
5
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Thermal conductivity
Degree Coefficient
0 -1.175E+03
1 1.446E+01
2 -5.083E-02
3 1.175E-04
4 -1.868E-07
5 1.720E-10
6 -6.969E-14
0
E-
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4001
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0
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Temperature(K)
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Temperature(K)
Table 3.3: Interpolation of water physical properties (2/2)
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Chapter 4
Fabrication
4.1 Fabrication process
4.1.1 Masks
The turbopump requires 14 masks for its fabrication. The masks have been printed by
Advance Reproduction, Inc.. They are right-reading, chrome down, darkfield 5 x 5 x
.090 chrome sodalime. It has been reported that the lifetime of the masks is limited, so
getting new masks has to be considered after a number of wafers will be processed. The
updated masks taking into account the fabrication improvements discussed in section 4.4
are presented in appendix G.
4.1.2 Process flow
The fabrication process flow has been established by Peles [331. It is based on the micro
bearing rig fabrication process. The oxide rotor release, currently used for the demo engine,
was adopted since experience showed it was superior to the delicate snap-off tabs rotor
release method used on the MCBR. The process flow for the 5 silicon wafers is detailed in
appendix F. Pictures of turbopump dies are shown on figures 4-1 and 4-2.
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Figure 4-1: Die 1-2. The die measures 21x21x5.325 mm. The dime gives the scale. Two
bond flaws are visible around the turbine NGV window on the left. This die never spun
due to a large leak in its thrust bearings.
Figure 4-2: Bottom (left) and top (right) of die 1-1. The pyrex plate is misaligned. This
die was the first to spin and it reached a speed of 20,000 RPM.
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4.2 Fabrication quality control
As with most immature processes, fabrication constitutes a challenge so that the results
obtained is very different to the specifications. Hence the need for an inspection of the dies
obtained and precise specifications to reject defects as early as possible.
4.2.1 Journal bearing quality control
A critical aspect of the fabrication is the etching of the journal bearing. Since this has a
major impact on the utility of the die, a control procedure was established. First, Wafer
#2 and #3 are bonded together and the journal bearing is etched from the bottom of wafer
#3. Then the journal bearing can be viewed from the top of #2 through 4 holes equally
distributed. This lets us check whether the journal bearing is completely etched through
and is uniform at the surface. Figure 4-3 shows two different journal bearings checked
through the control holes. It appears that one of them is not uniform and does not seem
completely etched through. This means the rotor cannot be released properly, and if by
chance the rotor manages to free, the rotordynamics will probably be unsatisfactory as the
journal is not circular due to the journal roughness.
Figure 4-3: Control showing an acceptable JB (left) and a JB not fully open (right)
The gap we see from the top side is often much larger than the journal bearing itself.
This is because a cavity called "blow-out" and wider than the journal bearing appears
at the top of the journal bearing when it is finished etching as shown on figure 4-4. By
focusing the microscope correctly one can infer the depth of this blow- out and check if it
is small compared to the journal depth. Blows-out up to 15 Pm have been observed on
dies that spin correctly at low speed. Because of this phenomenon, the measurement of the
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journal bearing from the top side cannot be done directly as this would measure only the
width of the blow-out. Measurement of the true width of the journal bearing must be done
using backlighting. Hence, the vernier will give the measurement at the point where the
journal bearing gap is the narrowest. This is the best that can be done with non-destructive
inspection.
Figure 4-4: SEM of a journal bearing with a visible blow-out phenomenon
Other solutions to measure the journal bearing include sawing the die to permit a
Scanning Electron Microscope (SEM) inspection. This gives detailed information about
the profile of the journal bearing, which we cannot infer by non-destructive means at the
moment.
4.2.2 Thrust bearing control
Even if the thrust bearing behavior is not perfectly understood, thrust bearings appear to
be a critical issue for spinning the die. Thus the thrust bearing injectors and pads have to
be built rigorously to specification. First the thrust bearing pads and plenums are inspected
visually for cracks. Indeed, since the pressure in the thrust bearing plenums are very high
compared to the other pressures in the die, the walls of the plenums will undergo relatively
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large pressure forces. Moreover, as the forward thrust bearing is used as a seal, no leaks
can be tolerated.
Figure 4-5 shows a catastrophic flaw in the seal detected during the fabrication. Such a
big crack is likely to affect the balance of the rotor as well as to introduce seal leakage. If
it was decided to continue the fabrication process, it is known that this die will have very
poor performance and will probably not spin.
Figure 4-5: Seal defect on die 4a-3
Early builds show discrepancies in thrust bearing nozzle radius as well as blow out
phenomena at the top of the nozzles. Special care was taken in the fabrication process
on recent builds to prevent this. The size of the thrust bearing nozzles is now measured
precisely and checked for uniformity. Early builds showed a repetitive pattern in thrust
bearing nozzle diameter: the nozzles that were close to the gas supply were systematically
of larger diameter than the ones on the opposite side. This is believed to be caused by a
faster etching as a result of the local increase in plenum area caused by the proximity of
the feed line.
Figure 4-6 illustrates the improvement in nozzle etching. We can see that the nozzle
shape was far from round at first, probably resulting in higher than expected pressure drops.
Also the blow out phenomenon seems to be less pronounced starting at build 2.
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Figure 4-6: Comparison of TB nozzle from builds 1 (left) and 2 (right)
4.2.3 Bonding inspection
The inspection of the bonding of two wafers is done systematically after each bond. It
is performed using a non-destructive interferometry system. If the contact is not perfect,
a bubble of air will be stuck between the two wafers to bond results in a local variation
of the optical index. Hence interference fringes will appear, highlighting the contours of
the defects as shown on figure 4-7. Therefore, defects can be ignored if they don't touch
the dies, or seriously considered if they are present over some sensitive features. Adding
dummy features on the wafers outside of the die boundaries has been recently suggested as
a solution to reduce the number of bonding defects inside the dies [29].
Figure 4-7: Bonding control by interferometry
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4.2.4 Rotor release issue
The rotor release remains a critical aspect of the turbopump fabrication. During the fabri-
cation, the rotor is held to wafer #2 by 60 rectangular oxide pads 300 Am long and 50 pm
wide. Once the stack is bonded the oxide is removed by placing the dies in an ultrasonic
HF bath. Peles demonstrated that one hour in the bath with 50% HF, 50% Water, surfac-
tant, and ultrasonic shaking should be enough to etch the oxide pads and free the rotor.
This process has proved successfully on the turbocharger but gave uneven results for the
turbopump.
As the blocking of the thrust bearing (explained in section 6.3.1) is not well understood
there is no completely reliable way to know the rotor is released other than spinning it.
Nevertheless, the oxide used for the pads is visible under the infrared microscope using
appropriate adjustment including IR filters and backlighting. Figure 4-8 shows the geometry
of the oxide pads on the left and a picture of the oxide pads after the HF etch on the right.
The clearly visible dark patterns are remains of the pads and this indicates that the rotor
was not free. Picture 4-9 gives a closer view and shows that the pads are more etched on
the inner edge of the ring than at the periphery. This makes sense since this edge is the
pump outlet area which is largely open to the exterior so that it is reached faster by HF
and thus etched faster than the periphery that is much less exposed.
Figure 4-8: Rotor release pads as drawn on the masks (left) and after 1 hour in HF (right);
dimensions in mm.
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Figure 4-9: Pads seem to be etched from the center
So far, no general solution has been established and this problem is handled on a die
to die basis. One way to avoid this issue is by etching the HF before bonding the complete
stack. This can be hazardous however as the rotor will fall free and might get damaged.
Longer time in the HF bath rarely worked. Moreover, since the layer of oxide covers all the
surface of the die, one has to be careful not to etch the oxide too much to avoid creating
interconnections between the channels. However, it has been calculated that the die could
spend up to 9 hours cumulated time in the HF with a 100% safety margin before such a
leak appears.
4.3 Structural issues
Several dies have been broken during testing because of structural failures of the die. As
said in 2.3.2.3, structural considerations have been sacrificed to fluidic and turbomachinery
concerns during the design. However, the 100 4tm minimal thickness of all walls should
guarantee the correct behavior of the silicon in the design envelope (maximum differential
pressure in the system = 40 atm). Nonetheless, some dies broke well within this envelope,
mainly in four different ways:
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* Cracks in the rotor
" Leaks in the thrust bearings
* Leaks in the turbine flowpath
" Bad bonds
4.3.1 Rotor cracks
This issue appeared on one die. Its rotor is shown on figure 4-10
Figure 4-10: Rotor of die 4-2 showing cracks
This die has undergone shocks during inspection prior to its testing that would have
initiated microcracks in the rotor. However, it spun successfully up to more than 90,000
RPM with nitrogen, showing that the rotor was still in good shape. Then this die has
been tested with water at 25000 RPM and it is believed that centrifugal forces associated
with the much higher density of water increased the shearing strain on the rotor. Therefore
the cracks opened completely expanding the rotor in its cavity leading in an unrecoverable
break of the rotor. The only solution to prevent this kind of failure mode is to handle the
dies with more care.
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Figure 4-11: Cross-section showing the real geometry of the thrust bearing system. The dot
lines superimposed are the edges in the design specification
4.3.2 Thrust bearing leak
The thrust bearings of the turbopump as built have proved to be a weak structure. Their
design pressure is supposed to be 40 atm, but they systematically broke and started to
leak when pressurized over 150 psi (10 atm). A cross section from an early build shows
that the thrust bearing geometry resulting from fabrication was far from specification as
shown in figure 4-11. The thrust bearing system geometry is very sinuous, with the sides
and bottom walls of the plenum having the minimal thickness allowed: 100 pm. Thus if
one of those walls are flawed during fabrication (i.e. an over-etch), it can be dramatically
weakened. Therefore, it is reasonable to believe that this problem can be solved if more
care is allocated to the thrust bearings during the fabrication process.
4.3.3 Turbine flowpath leak
The turbine inlet design pressure is 30 atm. Usually, tests do not require more than 50
psi (3.5 atm) of pressure at the turbine inlet before rotordynamics troubles appear. The
pressure in the turbine flowpath has been increased up to 100 psi (7 atm) however to
give strong axial load in certain circumstances. Two dies broke with a uniform pressure
around 80 psi (5.5 atm) in the turbine flowpath. One had the turbine inlet channel collapse
internally while the other had the turbine outlet collapse as shown on figure 4-12. This
pressure is less than the design specification.
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Figure 4-12: Photograph of die 3-2 showing the collapse of the top wafer resulting from a
turbine flowpath overpressure
Two causes that could be responsible for such a collapse have been identified:
" The large size of the the plenums at the inlet and the outlet of the turbine. Those
plenums are unsupported areas, so they are subject to strong bending loads. This
issue is addressed in section 4.4.4.
" When etching a plenum, the center of the plenum etches faster than the edge as
shown on figure 4-13, so depending where the depth measurement is performed, it
is possible that the minimal 100 itm thickness of the bottom wall was not achieved.
This introduces the need for tolerance definition and especially the prioritization of
the feature size: we can either guarantee the minimal depth of the plenum or the
minimal thickness of the wafer, but not both. Concretely, this influences which side
of the wafer is etched first, the bottom one or the top one [29].
It has been calculated using the linear theory of stress and strain that the pressure at
which the die broke should have been contained by a 8 ttm thick flaw free plate though. This
clearly shows the limitations of this theory when applied to a brittle material like silicon.
4.3.4 bonding issues
Unsupported areas do not transmit any force from one wafer to the following one. Con-
sequently the contact between the surfaces of the two wafers during bonding may not be
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perfect over unsupported areas. This results in a bad bond that increases the surface over
which the pressure force is applied and may create some leaks by unintentional interconnec-
tion of different features. Die 1-2 broke because of a faulty bond in the aft thrust bearing
flowpath as it traverses the large turbine inlet plenum. As can be seen on figure 4-14 there
is discontinuity in the bond line that shows wafers #4 and #5 were not properly bonded.
4.4 Improvements
This section details how the masks and the fabrication process have been continually mod-
ified and improved to address the issues encountered.
4.4.1 Turbine NGV modification
The early blade design from [7] has been slightly modified to take into account fabrication
requirements. In the first build of the turbopump, the turbine blade leading edge was
very close to the NGV trailing edge. Because of this, the thickness of the wafer varied
considerably along the journal bearing. It was thicker in spots where the turbine blades
leading edge and the NGV trailing edge approach the journal bearing. This resulted in
unsatisfactory uniformity of journal bearing width. This issue was fixed by moving the
NGV blades radially out from the journal bearing. In order to keep the velocity triangle
consistent, the NGV blades have been rotated by 1.550.
4.4.2 Pressure taps
In the early design, the pressure tap channels for the turbine inter-row and the pump outlet
pressures were not etched through. This was due to the fact that these pressure taps are
Figure 4-13: Typical shape of a plenum. If the 100 pm minimum thickness is satisfied at
the edge then it is not in the middle
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Figure 4-14: Broken part of die 1-2 showing the bond lines
very small and they are etched at the same time as the large plenums for the pump inlet
and outlet on top of wafer #1. This has been fixed on build 4 by significantly increasing
the size of the pressure tap holes in wafer #1, from R = 0.1 mm to R = 0.2 mm.
4.4.3 Speed bump improvement
As explained in section 6.7.3, the speed acquisition could not be performed over the speed
bumps when there is water in the pump since the speed sensor cannot see them. Therefore,
the speed should be measured in a dry place, typically the turbine blade area. Since the
number of turbine blades of the turbopump is relatively low (8), they can be used directly
as speed bumps. At design speed, the frequency of the rotor is 750,000 RPM = 12,500 Hz,
so the frequency of the passage of the blades will be 8 -12,500 = 100 kHz while the corner
frequency is 200 kHz for the speed sensor and 1.25 MHz for the speed acquisition system.
Thus there will be approximatively 10 measurements taken per signal oscillations which
satisfies the Shannon sampling theorem. Therefore the speed will be acquired correctly.
A hole is added on the masks shown in appendix G to provide optical access for the
speed sensor in the turbine blade passage. This hole is in the extension of one of the journal
bearing inspection holes. It allows viewing of the turbine blades passing by from the leading
edge to mid-chord, where the blade is the thickest to improve the cyclic ratio of the signal
obtained. The hole is 650 ,im diameter and 1 mm long so that its aspect ratio is 1.54. The
area viewed is 0.330 mm 2 over which more than 60% are covered by the blade passage.
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4.4.4 Structural reinforcement of unsupported areas
As explained earlier in this chapter, unsupported areas like large plenums can be structural
issues for four reasons:
1. They increase the pressure force over the walls, as F = P -S and thus the maximum
strain, a,..
2. They increase the etch depth difference between the edge and the center of the plenum.
3. They do not transmit the clamping pressure from one wafer to another during the
bonding process.
4. By reducing the stiffness of the wafer they limit the stiffness of the wafer which lowers
the clamping torque. Therefore the contact between the wafer can be poorer during
the bonding process and the Van-der-Vals forces are weaker (decrease as 1/distance7
[29]).
Those effects are shown on figure 4-15. The solution adopted consists of adding posts in
the plenums to reduce the dimensions of the unsupported areas. Positioning these posts so
that they are aligned on different levels allow them to transmit the clamping force during
bonding and reduced the wafers bending.
(a) without posts (b) with posts
Figure 4-15: Effect of adding posts in unsupported areas
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4.5 Unbalance prediction from fabrication data
As said earlier unbalance is an important parameter that dramatically affects the rotor
dynamics. Recent work has been done to balance rotors by using selective laser etching.
Hence the idea of calculating this unbalance early in the process so that rotor balancing
can be performed. Unbalance comes from four distinct sources: mask misalignment, wafer
thickness non-uniformity, etch non-uniformity at the die level and etch non-uniformity at
the wafer level. The suggested unbalance prediction method accounts for the last three.
Wafer #3 of the build 4 of the turbopump was measured at different points. For each
die, 8 measurements were taken azimuthally (period one turbine blade) at 3 different radii:
between the blade and the seal, between the vane and the blade, and on the stator outside the
vane. From those 24 measurements, a radial and an azimuthal interpolation are performed
over the rotor using a MATLAB code shown in appendix H. It uses successive interpolations
in radius and azimuth with enhancement of the azimuthal periodicity to find the height of
every point of the rotor. This map is then converted from polar to cartesian coordinates
to be displayed properly. The code returns the position of the center of gravity of the
rotor as well as its mass and its unbalance assuming perfect mask alignment. Values of
the unbalance considering a 3 pm mask misalignment have been calculated also. The mask
misalignment can either lower the unbalance by shifting some mass towards the geometric
center of the rotor or worsen it. The values found for build 4 have been summarized in
table 4.1 and a map of a rotor obtained from this process is shown on figure 4-16.
Interpolation linear Uncertainty
Die 4-1 4-2 4-3 4-4 '4-5 max
Rotor unbalance (pm) 2.81 2.72 1.54 1.87 3.71 7.08%
Worst alignment (3tpm) 3.36 3.30 2.08 2.42 4.25 6.02%
Best alignment (3pm) 2.26 2.13 1.00 1.32 3.17 8.60%
Average height (pim) 288.17 278.90 291.49 287.51 291.96 0.17%
Rotor mass (mg) 24.71 24.24 24.88 24.68 24.90 0.10%
Interpolation polynomial
Die 4-1 4-2 4-3 4-4 4-5
Rotor unbalance (jIm) 3.02 2.88 1.62 1.97 3.95
Worst alignment (3Am) 3.57 3.47 2.16 2.52 4.49
Best alignment (3pim) 2.47 2.30 1.08 1.41 3.41
Average height (pm) 287.76 278.42 291.06 287.03 291.53
Rotor mass (mg) 24.69 24.21 24.86 24.65 24.88
Table 4.1: Rotor predicted characteristics for build 4
91
W - -~W-.~-W~ - ~ ~d
400
280.5
350
00280
250 279.5
200
279
150
278.5
100
278
50
..... ..... ........... 2 7 7 .5
50 100 150 200 250 300 350 400
Figure 4-16: Extrapolated map of the surface of die 4-2 rotor using linear interpolation; the
x and y axis are the grid elements with the rotor center at element (200,200); the colors correspond to the
rotor thickness
Because of the small number of measurements, the results obtained vary depending if
the interpolation is linear or polynomial. This could be improved with more measurements,
especially at the center of the rotor and near the pump blades. A more detailed analysis
should include precise measurements of the mask misalignments and wafer thickness unifor-
mity before starting the fabrication process. This will dramatically improve the accuracy of
the unbalance prediction as well as decouple the different sources of unbalance and find their
relative influence. This way we can prioritize what issues are the most critical in fabrication
for reducing the unbalance. This analysis is strongly encouraged for future builds.
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Chapter 5
Experimental Setup
5.1 Packaging
The microturbopump requires packaging that makes the fluidic connections between the die
and the rig. The packaging brings pressurized nitrogen for the turbine and the bearings,
and pressurized water for the pump. It also host pressure transducers and connects them
to the pressure taps. All these connections must be leak-free. The packaging must also
allow optical speed measurement and visual inspection of the pump blades trailing edge
for cavitation observation as well as the turbine inlet window for leakage observation. This
packaging was inspired from [7] and [34]. The higher level of complexity of this device and
the choice to have all connections on the bottom side make its design more complex though.
The packaging consists of three parts: the bottom plate accommodates all the flu-
idic interconnecting flow paths. 'Free machinable brass' 360 was chosen for both its good
machinability and its strength to pressurization. A top plate with a large hole in its center
clamps the die to the bottom plate. The hole allows for microscope visualization and speed
measurement of the rotor spinning. Stainless steal was adopted so that this plate can be
very thin while still withstanding the high clamping load applied to it. Between these two
plates, a spacer plate made of aluminum slightly thicker than the die centers it and prevents
any direct contact between the silicon and the packaging. Instead, the die is supported by
16 O-rings on its bottom and held by a single large diameter O-ring on its top.
Four screws equally spawned around the die clamp the top plate to the base with a
uniform pressure while two other screws attach the packaging to the floating air table used
to damp vibrations. Two dowel pins guarantee high precision in the alignment of the plates.
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A 30% O-ring compression was chosen for the design of the O-ring grooves. A constant
0.016 inches thickness was chosen for all the bottom 0-rings. This leads to all O-ring grooves
having the same depth which simplifies greatly the machining of the packaging. For the
brass bottom plate, having connections only at the periphery of the die allows for such high
O-ring compression without requiring different groove depths as in [7]. On the bottom of
the packaging, seven 0.078" x 0.016" O-rings and nine 0.035" x 0.016" O-rings fit the 16
holes and seal the connections. The top O-ring is a 0.736" x 0.020" and it is used only as
an interface between the top plate of the packaging and the pyrex that covers the die.
Scanivalve quick couplers referenced QC125-Th25 have been used to connect the rig's
8 tubes to the packaging. These connectors leaked at pressures higher than 100 psi due
to the deliberate expansion of the external O-ring. Sleeves have been added around this
O-ring to prevent the leakage, and the connections have been successfully tested up to
700 psi. Additionally, 5 Kulite XT-190 pressure transducers are integrated directly into
the packaging and connected to the die's pressure tap ports to measure the five pressures
judged to be the most important. Those are:
" Journal bearing plenum pressure
" Turbine inter-row pressure
" Turbine inlet pressure
" Turbine outlet pressure
" Pump outlet pressure
The packaging is illustrated on Figure 5-2 and packaging pictures are shown on figure
5-1. The CAD drawings of the packaging are presented in appendix C.
Figure 5-1: Photographs of the package elements (left) and assembled packaging with fluid
connections and pressure transducers screwed in (right)
94
-- 1 ~ ~ ~ - - - - __
'I
0~~
.0 C
Figure 5-2: Packaging concept
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5.2 Rig
The turbopump represents a new step in micro spinning devices at MIT in the sense that it
handles both liquid and gas phases, and at a much higher pressure than the Micro Bearing
Rig or the Turbocharger. Thus a new rig had to be designed specially for its operation.
The rig consists of four parts:
" Water handling panel
" Nitrogen handling panel
" Data acquisition system
" Test area including the optical speed and rotor dynamics measurement
5.2.1 Water handling system
The water handling system was built by Pennathur for the purpose of cavitation exper-
iments, and it has been reused on the turbopump rig since it matches the pressure and
flow requirements of the turbopump. It provides controlled pressure to the pump inlet and
outlet at a given mass flow rate. A schematic of the water handling system is shown in
figure 5-3 and a photograph is shown in figure 5-4.
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Figure 5-3: Scheme of the water handling system
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Figure 5-4: Photograph of the water panel
The water handling system consists of two tanks, one supply and one dump connected
in such a way that they can be independently pressurized or vacuumed for the filling. Two
pressure transducers and two pressure gauges show the tanks pressure. The water inlet line
goes through a 0.5 pm in-line filter and a MicroMotion CMFO10 high flow mass flowmeter.
The overall water rig is rated to 1000 psi. It has been calculated that the turbopump can
run theoretically for 24 minutes at design mass flow (rh = 2.5g/s) with a full supply tank.
More information on the water rig as well as a complete checklist for using it can be found
in [34].
5.2.2 Nitrogen handling system
The Nitrogen system has been entirely designed and built from scratch. It supplies con-
trolled pressure or flow to:
1. The turbine inlet
2. The journal bearing (JB)
3. The forward thrust bearing (FTB)
4. The aft thrust bearing (ATB)
5. The rear plenum
6. Additionally, it allows for control of residual pressure/flow in the turbine outlet
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The components used to build this rig are rated up to 800psi, while 600 psi is the
maximum pressure used at design point (in the thrust bearings supply). The nitrogen
handling system is sketched on figure 5-5. Written on it are the references and ranges of
the different controls and sensors: pressure transducers, gauges, regulators, metering valves
and flow meters. Because of the high pressures involved, an inappropriate use of controls
can lead to the destruction of the die by overpressure. With this focus, an effort has been
made to design the rig in the most logical way, with the flow circuit printed on the panel.
A picture of the nitrogen panel is shown on figure 5-6.
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Figure 5-5: Schema of the nitrogen handling system
The pattern of each line is the same. From the lab supply pressure, a pressure regulator
reduces the pressure to the desired value that can be read on a pressure gauge. Then a
metering valve allows for accurate flow control. Finally a flowmeter and a pressure trans-
ducer transmit the flow and pressure information to the DAQ system. The rear plenum
line also has a 3 way valve that allows it to be vented to atmosphere. The turbine inlet and
outlet lines diameter have been kept at 3/8" diameter to reduce the pressure losses since
they provide a large flow rate. The TB, JB and rear plenum lines are 1/4" diameter. 1/8"
diameter copper tubes connect the rig to the packaging ports. 1/8" diameter makes it large
enough to keep the pressure loss low, and copper makes it easy to bend and to modify. The
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Figure 5-6: Conception drawing and photograph of the nitrogen panel
tubing has been kept as short as possible to reduce the pressure losses between the rig and
the die. Thus the experiment is located as close as possible to the rig which was eventually
revealed as not optimal as all the last minute rig adjustments had to be done in a much
reduced space and the speed measurement apparatus are squeezed on one extremity of the
experiment table.
This nitrogen handling system has been sensibly modified since its initial design (figure
5-5) to obtain the best control over the different parameters as well as to match the specific
requirements of some experiments far from the design point: a fine metering valve has been
added to the turbine inlet line to control the small flow needed to start the turbopump.
A metering valve has been added on the journal bearing line to vent the journal bearing
to either vacuum or atmospheric pressure, or whatever intermediate pressure. The journal
bearing line now supplies both the JB feeding port and the JB pressure transducer port of
the die to lower the JB cavity pressure gradient inside the die. Finally, the turbine outlet
pressure regulator has been replaced by a metering valve that allows for a better control of
its venting.
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5.2.3 Data Acquisition system
The data acquisition system or DAQ is inspired by the previous rig that was designed and
built by Fr6chette for the study of the MCBR [17].
All of the operating parameters are recorded using a PC-based system that centralizes
all the data from the different sensors. Two computers are used: a high speed acquisition
system samples the speed signal at frequencies up to 1.25 MHz for short durations. This
signal can then be processed to extract information about the rotor dynamics and vibration
modes of the rotor. Another computer records the mass flow and pressure of all fluidic ports
as well as the rotational speed, sampling at low frequency, usually 2Hz. A Labview graphic
interface described in D was developed to implement the DAQ results. The DAQ system is
detailed on figure 5-7, and picture 5-8 illustrates the instruments used.
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Figure 5-7: Schema of the data acquisition system
Sixteen signals from fourteen Kulite pressure transducers and two high capacity mass
flow meters are first converted to 0-5V signals by a custom made interface and then acquired
through a SCXI 1303 terminal block plugged into a 1100 SCXI module. The analog signals
then enter the computer where they are converted to digital by a 12-bit National Instrument
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Figure 5-8: Details of the DAQ system
6034E 16-channel I/O card. Signals from four more flowmeters are processed by a Brooks
Instrument 0154 4-channel read out and control equipment enter the computer by the serial
port. They are read and interfaced into Labview by a dynamic data exchange (SmartDDE)
communication interface.
The 0 to 5 V signal from the fiber RPM monitor is transmitted to an HP/AGILENT
89410A vector signal analyzer that computes its real-time Fourier transform and displays the
resulting frequency spectrum. The spectrum shows a strong peak at the passing frequency
of the speed bumps, and secondary bands appear at 1/4, 1/2, 3/4 of this value due to
symmetry, and at higher harmonics.
The speed can be read directly under Labview using the GPIB interface card connected
to the spectrum analyzer that returns the main frequency of the spectrum (tracked speed).
The true speed is then obtained by dividing the tracked speed by the number of speed bumps
(4) or the number of turbine blades (8) depending on where the fiber beam is focused on as
explained in section 5.2.4.2. The speed is initially checked on the oscilloscope that displays
the direct signal from the fiber.
In case a crash analysis is needed, the user may wish to sample at very high frequency
the speed information right before the crash. As the spectrum analyzer sample rate is not
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high enough, it can be bypassed by an optional fast-response frequency/voltage converter
and the 25 last speed measurements can be stored in a crash buffer in Labview (as on the
MCBR rig [17]). So far, this option has not been installed on the existing rig as crash
behavior is not the main focus of this work.
5.2.4 Test area
The experiment takes place on an air-damped table to reduce vibrations and parasite fre-
quencies in the speed measurement system. The packaging is bolted to the air table as is
the speed measurement system to cut the relative motion between them. A microscope with
a color camera is positioned over the experiment and is connected to the video display and
VCR to record everything that can be visualized directly on top of the die: rotor shifting
and rotation, turbine NGV outlet, pump water flow, cavitation bubbles, etc. A picture of
the test area is shown on figure 5-9.
Figure 5-9: The experimenting area with the speed measurement system
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5.2.4.1 Least speed measurement system
The non intrusive speed measurement solution developed by Deux in [71 was used here. The
minimal system consists of a Philtec D6 high-frequency fiber optic sensor coupled with an
achromat lens to focus the fiber beam on the 'speed bumps'. The fiber optic consists of a
bundle of 12 collocated optical fibers, 6 fibers emitting light from a laser source externally
supplied and 6 fibers capturing the reflecting light and transmitting to a photodiode. The
light intensity is then converted to an analog 0 to 5 volts signal.
The speed bumps are four identical features the same height as the blades regularly
distributed on the rotor. They are positioned at the pump outlet, inside the forward thrust
bearing ring and thus they can be seen directly through the pyrex window. With the rotor
spinning, the fiber sees the passage of the speed bumps, and the output signal becomes
a square wave with frequency four times that of the rotor rotating speed. This output is
connected to the spectrum analyzer to be filtered and processed.
The fiber optic and the lens are mounted on Newport XYZ translation stages so that
they can be positioned with extreme accuracy. The lens prevents vertical viewing of the
die, so the microscope and camera must be tilted. However, this degrades the visualization
as the focal plane and the die layers are not coplanar so the rotor does not appear centered
in its cavity due to the parallax. Nonetheless, the speed bumps remain visible.
5.2.4.2 Advanced measurements
Additionally a second fiber focused by the same common lens has been set up and used in
two ways:
1. Focused on the speed bumps and positioned at 900 from the first fiber, it can theoret-
ically give information about conical modes, vertical shift of the rotor and precession.
The turbopump was the first device to have four speed bumps, and it is believed to be
the first on which the two-fibers system was used. Unfortunately, the data reduction
code does not allow for multiple inputs, and so the signal from each fiber had to be
processed independently, which has limited interest 132]. Moreover at the present time
there is no way to insure that both fibers work in the linear range and return the same
signal level for the same speed bump configuration.
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2. Focused on the turbine inter-row pressure tap, the fiber can see the leading edge of
the turbine blades passing by. This was the first alternative found to the problem of
measuring the rotor speed during water tests. Indeed, since the speed bumps are in
a flooded area, the beam from the fiber sees random multiple reflection from the gas
bubbles from the FTB. So the speed signal coming from the speed bump is no more
available, and the turbine inter-row pressure tap is the only dry area in which the
rotor can be seen. As the tap hole has not been designed for this purpose, the speed
signal obtained is very weak though and must be amplified and filtered. This issue
will be fixed by modifying the set of masks as shown in appendix G.
Figure 5-10: Picture of the complete rig with the different subsystems
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Chapter 6
Turbopump experiments
6.1 Experimental set-up validation and recommendations
6.1.1 Packaging assessment
The packaging was tested using a blank die. Each channel was pressurized up to 200 psi and
checked that the flow was 0 sccm after a transient period. A leak between the pump inlet and
the turbine outlet pressure tap was revealed this way. This problem was fixed by sealing the
connection for the turbine outlet pressure tap using an aluminum plug capped with epoxy.
Consequently, the turbine outlet pressure tap is disabled on the current packaging and the
pressure at the turbine outlet must be measured at the rig.
6.1.2 Experimental envelope
As explained in the fabrication chapter, the turbopump explored some structural issues at
high pressure. Therefore, the operating envelope for normal operations was reduced below
the design values to reduce the risk of die destruction by overpressurization in early tests.
The corrected maximum pressures for each line are:
" Thrust bearings -+ 150 psi
" Turbine inlet, outlet -+ 70 psi
" Pump inlet, outlet; journal bearing; rear plenum -+ 100 psi
With this new envelope no die has been destroyed, however rotordynamics limitations
occur before reaching its borders.
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6.1.3 Contamination issue
Copper tubing was used for all the connections between the rig and the packaging to reduce
the contamination issue due to plastic tubing [7]. However, contamination appeared in
the scanivalves and the packaging as shown in figure 6-1. This contamination is believed
to come either from calcium aggregation due to the presence of water, or from aluminum
oxidation inside some fittings. It might also be residuals from the sealant, and therefore the
sealant used was replaced by teflon tape. The cleaning procedure used is the following:
* Successive ultrasonic acetone baths until no moisture is visible under the microscope.
The hot plate can be used if needed as temperature catalyses the cleaning action of
the acetone.
" Ultrasonic isopropanol bath
" Ultrasonic methanol bath
This process gave good results. It can be applied to the die, the packaging, and the
fitting (making sure the O-rings are removed).
Figure 6-1: Contamination on a scanivalve fitting
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6.2 Experimental procedure
The experimental procedure is presented in Appendix E. It consists of seven major steps:
" Die preparation
" Data acquisition startup
" Measurement zeroing
" Bearings flow setup
" Spin testing experiment, during which data is acquired
* After-experiment items
" die removal
Since high pressure up to 40 atm (600 psi) is available on the rig, care must be taken not
to exceed the experimental envelope defined in 6.1.2.
Every time a new die is obtained from the fabrication it undergoes a succession of
standard experiments detailed in the next sections: thrust bearing characterization, journal
bearing characterization, rotordynamic and inversion check, and eventually pumping tests.
6.3 Thrust bearings characterization
6.3.1 Thrust bearings theory
The hydrostatic thrust bearing of the turbopump can be modelled using the hydraulic-
electric analogy. Each of the 60 nozzles in a thrust bearing acts like 3 hydraulic resistors
in series as shown on the model of figure 6-2. The nozzles and the right angle turn have a
fixed resistor called respectively orifice resistor and inherent resistor. The radial flow acts
like two adjustable resistors in parallel. Their value varies depending on the thrust bearing
clearance.
The system works like a potential divider: the pressure over the seal is given by the
Milman theorem:
P 6 1 +
1 1 1 1 2 (6.1)
The simplification comes from R 2 = R 3 since the geometry is symmetrical with the
nozzle in the middle of the pad. The pressures P1 , P2 and P3 are constant so the flows
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F= Ri=
TB flow R orifice
in series with
R inherent
P3 P2=
P pump out Rs = R2= P turbine out
R seal Pover TB sea' R seal
(pump side) (turbine side)
Figure 6-2: Thust bearing model [7]
will adapt. If the rotor moves so as to reduce the pad clearance, the flows F2 and F3 will
decrease and the value of R 2 will increase. So will the pressure P over the thrust bearing
seal according to 6.2.
9P 
.1 ) 
2 2  -1+2) R + >0 (6.2)R2 R22 +R 2 R11
Therefore the pressure force on the seal increases, and this generates a restoring force that
will push the rotor back. This creates the stiffness of the thrust bearings.
6.3.2 Thrust bearings static flow tests
This test is aimed at plotting the map of the static flow versus pressure for the thrust bear-
ings. The TB pressure is increased sequentially from 0 to 100 psi and the flow monitored.
Figure 6-3 shows the maps obtained for different dies. Two different behaviors have been
observed; either the curve obtained is linear, or it is exponential, with the flow becoming
very high even for a reasonable pressure. The linear behavior is characteristic of a healthy
thrust bearing, while the exponential behavior is the mark of a leak. A leak on any of the
two thrust bearings is generally bad enough to prevent the die from spinning. Low speed
rotation has been obtained on dies with very slight thrust bearing leaks though.
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Thrust bearings static map
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Figure 6-3: Thrust bearings static map for different dies
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6.3.3 Thrust bearings 'S' curves
A useful way to assess if the rotor has been correctly released is an 'S-shape experiment'.
For a constant pressure of 50 psi on one side, say the ATB, the pressure on the opposite side
(FTB) is progressively increased from 0 to 100 psi, and the flow of the ATB is monitored.
At first, since the ATB is the only one pressurized, the rotor should be all the way up,
and the ATB flow should be large. As the FTB pressure is increased, the rotor is pushed
down, and the ATB is progressively closed, so its flow should decrease and eventually vanish
to zero as the ATB should be completely sealed by the rotor load. This test worked well
on the turbocharger but gave inconsistent results for the turbopump. As shown in figure
6-4, some dies exhibit S curves, while for others the flow in the closing bearing was almost
constant no matter what the pressure in the opposite bearing. This did not prevent certain
dies presenting such strange behavior from spinning, proof that their rotor was released.
This behavior of the S curve might be the result of a rotor tilt that would prevent it from
moving up and down significantly. So far, no explanation of this phenomenon has been
conclusively proven, and the 'S' shape test was ruled out as an assessment of the rotor
release. A new more elaborate model is currently under development to better understand
the thrust bearings behavior [8].
6.4 Journal bearing dynamics assessment
6.4.1 Journal bearing theory
The journal bearing is a highly coupled system. An elaborate, incompressible linear model
has been developed [26] that predicts the rotordynamics as observed to date. This section
summarizes the main points of this theory. More details on the rotordynamics can be found
in [26] and [12].
6.4.1.1 Geometric considerations
Since the fabrication of the die is not perfect, the center of mass of the rotor is usually not
the same as the geometric center of the rotor. Also the rotor does not always spin centered
in its cavity. The distance between the center of mass and the geometric center is called
imbalance (a or Imb) which is constant for a given die. The distance between the center
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of the rotor and the center of the cavity is called the eccentricity (e) which varies during
testing. The journal bearing has an average length L = 300 Mm and width h = 14 Mm.
Figure 6-5: Journal and rotor geometry
6.4.1.2 Forces acting on the rotor
The flow in the journal bearing can be modelled by a combination of a Couette flow (moving
wall) and a Poiseuille flow (pressure gradient). The rotor is radially in equilibrium under
the action of three forces:
" The hydrostatic force resulting from the direct stiffness
" The hydrodynamic force resulting from the cross stiffness
" The damping force resulting from the squeezing of the flow by the rotor unsteady
velocity perturbations
The hydrostatic force is parallel to the displacement of the center of the rotor while
the hydrodynamic force is perpendicular to it. The damping force is parallel and opposite
to the velocity perturbation. Therefore the hydrostatic force and the damping force are
restoring forces.
6.4.1.3 Instability boundary
Once an expression for these forces is known, the equation of motion for the rotor can be
obtained as well as its characteristic polynomial by linearization. At a speed called the
instability boundary, the real part of the eigenvalues of this polynomial become positive,
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meaning that the system becomes unstable. The cross stiffness is responsible for this insta-
bility. The instability boundary is a function of the unbalance a, the journal bearing gap
width and length, and the dP across the journal bearing. Figure 6-6 shows the predicted
instability boundary as a function of dP for the turbopump journal bearing geometry and
at different imbalances.
Natural frequency and instability boundary
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800000..........................8 0 0 0 0 0 - -- - - -- - ---- - - -- -- - - - -- - - -- ------------
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Figure 6-6: Natural frequency and instability boundary for different imbalances [26]
6.4.1.4 Natural frequency
The rotor journal bearing behaves like a second order oscillator. Therefore, we can define a
natural frequency NF = k where m is the mass of the rotor and k the direct stiffness ofm
the journal bearing. As k is strongly dependent upon dP, the natural frequency is a function
of dP as shown on figure 6-6. As can be seen, the natural frequency is low compared to the
design speed, therefore the turbopump must cross the natural frequency.
6.4.1.5 Damping
The restoring damping force is F = b -V where b is the damping tensor and v is the radial
speed of the rotor v = ei with Q the spinning frequency at steady state. b is directly
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proportional to the viscosity of the fluid p and to L 3 /h 3 . The damping ratio is defined
by I = b . Figure 6-7 shows the evolution of the damping ratio versus dP for the2
mWVNF
turbopump. As can be seen, the damping ratio decreases quickly as dP increases. The
damping ratio of the turbopump is almost as large as that of the MCBR, and much larger
than that of the turbocharger, which is penalized by its high rotor mass.
Damping Ratio vs dP
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Figure 6-7: Damping ratio of the turbopump compared to other devices [26]
6.4.1.6 Natural frequency resonance
When the turbopump spins at w << WNF (subcritical region), the eccentricity is 0, i.e. the
rotor spins around its geometric center. As w increases, the eccentricity increases. There
is a peak of eccentricity at the natural frequency. The amplitude of this peak is inversely
proportional to the damping ratio. Once w > WNF (supercritical region), the phase inverts
and the eccentricity decreases to reach the unbalance, i.e. at high speed the rotor spins
around its center of mass. This behavior is illustrated in figure 6-8.
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Figure 6-8: Evolution of the eccentricity with the rotor speed. Left: Concept; Right: Pre-
diction for the turbopump using die 3-5 geometry. The theoretical whirl ratio is 9.79
6.4.1.7 Resulting rotordynamics strategy
To avoid the rotor crashing into the journal wall, the amplitude of the eccentricity must be
lower than the journal bearing clearance. Therefore, crossing the natural frequency must
be done so as to keep the amplitude of the peak low, which implies a high damping ratio.
As higher damping ratios are obtained for low dP, the natural frequency can be more easily
crossed at low dP, which means WNF will be low. However, dP must then be increased once
in supercritical regime to stay far from the instability boundary (which cannot be crossed).
This strategy is shown in figure 6-9. The ratio WIBIWNF is called whirl ratio and its value
is constant for a given unbalance about 10 for the turbopump with 4 Am imbalance.
6.4.2 Journal bearings static flow tests
This test is conducted with the thrust bearing pressurization. It consists in plotting the map
of the mass flow versus pressure for the journal bearing. The turbine inlet and outlet are
open to the atmosphere so that the discharge pressure of the journal bearing is atmospheric.
This test is conducted by adjusting the journal bearing flow rate (as it is generally more
accurate than controlling the pressure). The results for different dies are plotted on figure
6-10. The concept is that the dies that spin have a more open journal bearing than the dies
that do not. So far, no critical leak has been observed in a journal bearing.
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Figure 6-9: Testing trajectory used to raise speed on die 4-2. The natural frequency was
crossed at dP = 0.23 psi
6.4.3 Journal bearing equivalent hydraulic width
The curve of the journal bearing static flow test can be compared to the analytical model
to evaluate the equivalent hydraulic width of the journal bearing for each die. Assuming
a 300 pm journal length the width parameter is adjusted in the journal bearing analytical
model until the model prediction matches the experimental curve. Therefore, according to
the model, die 3-5 has a width of 13.3 pm while it was designed to be 14 pm.
6.4.4 Ideal Journal bearing width
The instability boundary is strongly dependent of the journal bearing width and the rotor
unbalance [26]. Theory shows that for a given rotor mass, depending of the unbalance,
there is a range of journal bearing widths for which the whirl ratio grows, and so the
instability boundary is large. This 'sweet spot' in journal bearing width must be targeted
in fabrication. Figure 6-11 shows that this value is 15 pm for the turbopump assuming the
average unbalance is 2.5 jm. This does not take into account the journal bearing width
variation due to the rotor expansion resulting from centrifugal forces at high speed [40].
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6.5 Rotordynamics experiments
The first spin tests were conducted with the pump vented to the atmosphere. The aim was
to demonstrate that the die could spin, cross the natural frequency, stably supercritically
spin and thereby characterize the rotordynamics.
6.5.1 Difficulties measuring dP across the journal bearing
dP across the journal bearing is the difference between the pressure in the journal bearing
plenum and the turbine inter-row: dP = PJB - PIR. However a combined design and fabri-
cation defect rendered the pump outlet and the turbine inter-row pressure taps inoperative
on early builds. Therefore, dP was calculated another way, by using the pressure at the
turbine inlet and the turbine outlet assuming the reaction of the turbine to be about 0.5 at
low speed: dP = PJ -Pturb i-+Pturb ot. The accuracy of this approximation is commented
in appendix A. This issue applied to all dies up to and including build 3. Tests of the
inter-row and the pump inlet pressure taps have proved successful for all dies of build 4.
6.5.2 Approaching the instability boundary
The spectrum analyzer provides useful information about the stability of the rotor rotation.
Figure 6-12 shows the spectrum of die 3-5 spinning at 59,000 RPM, at dP estimated to be
0.25 psi. Many sidebands can be seen on this spectrum, because the system grows less stable
as it approaches the instability boundary. Side bands are a useful sign that the system is
approaching instability or resonance. They allow the mapping of the natural frequency and
instability boundary without crashing the die (which can reveal destructive at high speeds).
Date: 10/16/01 Timne: 09:24 PH
Figure 6-12: Sidebands when approaching the instability boundary;X axis = frequency, Y axis
= time, color level = signal amplitude
117
A
6.5.3 First spin-test of a die and break-in period
New dies usually require a high turbine loading to start. This may be because the journal
bearing is not very clean after fabrication. A successful way to spin a new die is to set
the bearings, pressurize the turbine inlet to approximatively 20 psi with the turbine outlet
vented to atmosphere, and applying approximatively 30 psi gusts to the pump using a
nitrogen gun. The gusts free the rotor enough so that the turbine can initiate its spin.
Once the journal bearing is clean, the rotor accelerates, and the turbine pressure can be
progressively lowered. Eventually, with the turbine flow completely shut down, the rotor
continues to spin just on the bearing flow. There is usually a break-in period of about 10
minutes during which the rotation rate is not constant with huge speed variations. The
rotor should be kept spinning and its speed will eventually stabilize. The die will then be
ready for experiments with smoother starts.
6.5.4 Crossing the natural frequency
6.5.4.1 First conventional tests
Dies from build 3 had a relatively large unbalance due to a 50 pm mask misalignment. The
theoretical unbalance obtained with an ideal fabrication with this misalignment would then
be 5.36 pm. With such a high unbalance it seemed not possible at first to invert those
dies even at very low dP as shown on figure 6-13. Every time the speed was increased, the
rotor crashed at its natural frequency. Doing this for different dP draws the map of the
natural frequency. The model for the natural frequency was shifted by 0.25 psi to match
the experimental data. This shift is believed to be due to inaccuracies in the way dP was
estimated, as explained in appendix A.
6.5.4.2 Argon testing
The solution found was to replace nitrogen by argon as the running gas. The viscosity of
argon is 1.28 times greater than the viscosity of nitrogen, hence it has increased damping.
This damping reduces the amplitude of the eccentricity peak making it possible to pass the
natural frequency. Figure 6-14 shows the first crossing of the natural frequency using argon
on die 3-5.
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Figure 6-15: Amplitude of response for the argon test of die 3-5 [12
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Figure 6-16: Phase of response for the argon test of die 3-5 [12]
This allowed us to measure the unbalance of the die and other information about the
peak of eccentricity using an advanced data processing analysis code [32], [12]. For die 3-5,
the natural frequency was passed at an estimated dP=0.25. The critical speed was 6,560
RPM, within 1% of the model prediction (6,600 RPM). The critical amplitude is 13.61
pim. For a theoretic 14 tm wide journal bearing, the rotor comes very close to the wall
(normalized eccentricity = 0.97). This amplitude might be overestimated as the equivalent
hydraulic width of the journal bearing for die 3-5 is 13.3 tm. The true unbalance of the die
is 4.086 um (meaning that fabrication introduced a beneficial 1.3 Am shift of the center of
mass). The maximum whirl ratio obtained was 8.808.
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6.5.4.3 Nitrogen tests resumed
Eventually, two dies from build 3 were inverted using nitrogen, but this required quickly
crossing the natural frequency at lower dP (0.2 psi) since the transcritical region showed
dangerous speed oscillations as shown in the spectrum in figure 6-17. All the dies of build
4 (which have much less imbalance) have been inverted successfully using nitrogen. Figure
6-18 shows a typical test of the turbopump. The speed is increased step by step up to a
point where the rotor crashes. Data is acquired along the way.
Figure 6-17: Sudden speed variations as the turbopump crosses the natural frequency
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Figure 6-18: RPM versus time map: typical test profile showing the speed fluctuation when
crossing the natural frequency.
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6.5.5 Conical modes
One issue encountered during the experiment was a variation in the amplitude of the speed
sensor signal. This suggests that the distance between the top of the speed bumps and the
speed sensor is varying. This variation was usually periodic, with a frequency much lower
than the rotor rotation rate. One explanation is that the rotor moves up and down, damped
by the thrust bearings, or more realistically that the rotor spins with a subharmonic tilt,
in a motion called "conical modes" [44]. Figure 6-19 shows the superposition of the signals
from the speed bumps at different speeds. For low speeds, the amplitude of the signal from
the speed bumps is uniform and conical modes are absent. The conical modes first appear
around 30,000 RPM (supercritical), with a frequency independent of rotationnal frequency
as can be seen by the continuity in the amplitude variations in figure 6-19. As speed gets
higher, around 40,000 RPM, the conical modes remain and their frequency seems to be a
subharmonic of the rotor spin frequency as can be seen by the discrete values that the signal
amplitude takes.
0UU.
500
>400
300
200
100
0
-100
0
35550 RPM
11925 RPM
-,---- r . .
50 100 150 200 2
Angular position (degree)
50 300 350
40275 RPM
oUU
500
>400
300
200
100
0
-10 nf
50 100 150 200 250 300 350 0 50 100 150 2
Angular position (degree) Angular position
Figure 6-19: Speed signal superposition at different speeds
)0 250
(degree)
122
600
500
>400
a 300
200
100
0
-100
0 300 350
- r 
-A
-Wr yw- -- -, - -=Wgwr m : -- _Iy-
- -
-Z, ---- -.-- -41L-- --4n6-AL. - I -
6.5.6 Conclusions on rotordynamics tests
The turbopump behaves experimentally as the model predicts although the conical modes
have not been explained nor modelled yet. The natural frequency of the turbopump has
been mapped and its instability boundary has been approached for low dP. Speeds up
to 100,000 RPM have been achieved on different dies with successful transitions to the
supercritical regime. Running with argon has proved successful and is strongly encouraged
when there is no other solution to cross the natural frequency.
6.6 Turbine data
While performing the rotordynamics characterization, turbine data have been acquired.
Figures 6-20, 6-21 and 6-22 shows the relationship between RPM, Pressure loss, and mass
flow for the unloaded turbine (no liquid pumping). APtrbjne should vary as w2 while the
RPM should be proportional to 71. This trend can be seen in the graphs for relatively high
speeds. For low Reynolds number however, the RPM versus Th and APtbine versus RPM
curves do not match this prediction. They show characteristics as for the MCBR turbine
though [171.
As can be seen in figure 6-21, APturbine versus rh is very well approximated by a second
order polynomial trendline. The quality of the interpolation is estimated by the R-square
value: n
R= 1=1 (6.3)Z% 2 i=( 1 X)2
Exi ni=1
R ; 0.92 for the APturbine versus rh graph, which is very close to 1 even if with the large
data scatter, meaning the approximation is correct.
The power can be estimated from APtrsbne and 7h using:
turbine = M'APt6ne(4)
assuming the flow is incompressible, which is valid since the maximum Mach number reached
during the experiments was around 0.1. Therefore, the power produced should vary as the
cube of the RPM. The power versus RPM graph is shown on figure 6-23. As can be seen,
the third degree polynomial approximation matches the data well (R=0.9765).
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Figure 6-20: Turbine speed versus flow
Turbine mass flow versus turbine pressure drop
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Figure 6-21: Turbine flow versus pressure drop
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Figure 6-23: Turbine power versus speed
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Since the turbine is not loaded, all the power produced compensates for the rotor drag.
The rotor drag should be due mainly to viscous forces in the bearings, the seal, the pump
and the tip clearances. The torque ' of such forces is either directly proportional to
the RPM for a laminar flow, or varies as RPM2 for a turbulent flow. Since Pdissipated =
7viscous w W, the power dissipated should vary as w' where 2 < n < 3. This result can be
checked in figure 6-23.
6.7 Pumping experiments
Once the turbine and the bearings of the turbopump are characterized, water can be intro-
duced into the system. The aim of the pumping test is to demonstrate effective pumping.
Since AP varies as w 2 , a sufficient speed must be reached to obtain an observable pumping.
From appendix A we know that the potential error in the pressure rise measurement is 4%
and that the lowest observable pressure is 1.8 psi.
6.7.1 Static tests
Static water tests were conducted first to determine the pressure drops in the water circuit.
The pressure rise is observed with three pressure transducers, one at the pump inlet at the
entrance of the packaging (PP in rig), the second at the pump outlet in the die (Pp out die),
and the last at the pump outlet after the packaging (Pp out rig). The pressure rise can then
be determined in two different ways: AP = PP out die - Pp in rig which takes into account
the pressure drops in the die and in the inlet channel of the packaging, and AP = Pp out -ig
Pp in rig which also accounts for the pressure drops in the packaging outlet. This means
that APmeasured = APpump - APiosses with APosses depending on which measurements
used. The graph on figure 6-24 shows APiosses versus the pump flow for both evaluations
of the pressure rise.
According to the loss model used in the design (section 2.3.1.3, the pressure drop in
the die is approximatively proportional to v 2 (neglecting the Re dependence), thus to Th 2 .
Therefore a quadratic datafit has been used on figure 6-24. It matches the behavior of the
losses. The difference is that the pressure losses are measured outside of the packaging,
thus one must account for the pressure losses inside the packaging and inside the pump.
From the model, we know that losses come mainly from the elbows (more than 90 %). The
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Pressure losses along the water path
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Figure 6-24: Losses in the pump piping
Mass flow 20 sccm 50 sccm 100 sccm 150 sccm (= 2.5 g/s)
Extrapolated model 0.5 2.8 11.2 25.2
Datafit PP out rig - PP in rig 1.3 psi 6.6 psi 24.5 psi 54.1 psi
Discrepancy 62 % 57 % 54 % 53 %
Table 6.1: Static pressure drops along the pump flowpath
model introduces two more elbows in the packaging, and two more at the pump inlet and
outlet. Therefore, the model can be extrapolated to this augmented piping, and the results
are shown in table 6.1. As can be seen, the model predicts losses about half of the measured
values.
A typical water flow during these pumping experiments is 10 sccm. Therefore the
minimum pressure drop along the flowpath is 0.5 psi from figure 6-24. Since the lowest
observable pressure rise is 1.8 psi (from appendix A), we need to obtain an effective AP =
2.3 psi which theoretically requires a speed of 55,000 RPM.
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6.7.2 Seals
As the seal between the pump and the turbine has a clearance greater than zero, there
must be an interface between the water in the pump, the nitrogen in the turbine and the
FTB. The behavior of this interface was studied experimentally, as a model would be very
complicated, involving surface tension and possible instabilities. As surface tension was
an issue in previous experiments [7], it was decided to run the turbopump with a higher
pressure in the seal than in the pump outlet. Therefore, there is nitrogen flowing into the
pump outlet.
6.7.3 Speed measurement issue
A choice was made to flow nitrogen into the pump outlet to avoid water in the seal and
attendant surface tension problems. This introduces nitrogen bubbles into the pump outlet
area that blur the vision of the speed bumps. Thus the speed measurement system did not
see the passage of the speed bumps. This issue was temporarily solved by measuring the
passage of the turbine blade leading edges through the inter-row pressure tap.
6.7.4 Oscillation phenomenon
In the supercritical region, the turbopump undergoes a regular, low frequency, oscillatory
phenomenon (comparable to surge). This phenomenon has been recorded and studied at
reduced speed: bubbles of nitrogen appear along the pump blades and grow upstream into
the pump inlet. At this point the pump is completely water free, so its load vanishes and
the rotor speed increases. At some point, the bubble collapses and the water flows back
into the pump, increasing the load of the pump so that the rotor speed suddenly drops.
The immersed rotor speed remains pretty much the same for each oscillation while the top
speed varies. These oscillations can be seen on the spectrum in figure 6-25 and on the test
profile in figure 6-26 that shows the regularity of the lower bound of the rotor speed.
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Figure 6-25: Speed oscillations with water observed on the spectrum analyzer; X axis =
frequency, Y axis = time, color level = signal amplitude
60000-
50000-
40000-
30000 -
20000
10000 -
0
0
........ :... .
'ri.
... ..... I A ..
.. .. .. . .. .. 0.. . . . . .
-* - * .
-* 
- .
- -- - - .- .
4.#
W* * 0. , 'to W
*~ ~ *,*.
ec5
-
-
.- - - -
.
500 1000 1500 2000 2500
Time (s)
Figure 6-26: Speed profile for a water test. Starting at t=1400 s, the speed is pretty unstable,
but its lower bound remains constant, about 18,500 RPM
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6.7.5 Water test results
Stable speeds of 25,000 RPM were obtained with water in the system. Higher speeds were
obtained, up to 65,000 RPM, but they were not stable, with the speed oscillating at large
amplitude, as explained in the next section. The speed versus dP map for a water test is
shown in figure 6-27. As can be seen, the turbopump inverted correctly, but it seems from
the spectrum that the speed was not stable in the supercritical region. Figure 6-28 shows
the evolution of the pressure rise. Its value remains below 0.3 psi, so we cannot conclude
there is pumping.
RPM vs dP map - Water test
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Figure 6-27: Speed vs dP map for a water test. Although the supercritical region operation
was reached, the speed was not stable. Speeds up to 100,000 RPM were reached on impulses,
but only values up to 65,000 RPM were reached in a repeatable, but instable, way.
6.7.6 Conclusions about the water tests
So far, no pumping has been obtained. The high speeds required to show pumping has
not been reached stably because of the oscillatory phenomenon. However testing will be
continued and a stable spin at high speed with water in the pump is likely to be obtained
in a near future.
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Figure 6-28: Evolution of the pressure rise in the pump; APmax = 0.17 psi obtained so far,
which is lower than the uncertainty of the measurement.
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Chapter 7
Summary and conclusion
This chapter presents a summary of the research conducted for this thesis, describes the
contributions of this research, and makes recommendation for future work in this area.
7.1 Summary
The turbopump effort associated with the microrocket engine has been reviewed. Based on
preliminary design choices, important design issues have been studied in detail. Previously
demonstrated bearing designs have been adapted to the turbopump unique geometry. A
CFD analysis performed on the pump indicated it is possible to obtain a 23 atm pressure
rise with a 30 % efficiency using the innovative single wafer rotor layout. Cavitation should
not be an issue at design point.
Fabrication of the turbopump dies has been reviewed. Fabrication inspection was imple-
mented to characterize each die. In this way, flaws can be detected early in the fabrication
process and addressed appropriately. Based on testing, a few modifications were suggested
and implemented on new builds.
A test rig and a packaging were designed, built, and tested for leakage. A data acqui-
sition system was set up. A test procedure was defined, and 13 dies were tested from 3
different builds. Eight dies spun successfully. Speeds up to 100,000 RPM were achieved.
Static tests were performed to compare the bearings behavior with the analytical models.
Rotordynamics was studied. The natural frequency and the instability boundary were ex-
plored, and the model predictions validated. The turbine has been characterized and its
performance showed good agreement with the model predictions.
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Liquid tests were done, and speeds up to 65,000 RPM were achieved with water in the
pump. Due to different experimental issues, no effective pumping has been observed yet.
7.2 Contributions
The contribution of this work may be summarized as follows:
1. Assessment of the turbomachinery internal losses and structural strength of both
pyrex and silicon to check the integrity of the turbopump design.
2. 3D CFD analysis of a centrifugal pump at the MEMS scale using an iterative pro-
cedure. The pump pressure rise and efficiency were calculated and cavitation risk
assessed.
3. Introduction of the early die inspection at the fabrication step using non-destructive
techniques, and establishment of simple criteria for a die acceptance at any point in
fabrication.
4. First demonstration of the spinning of a silicon microfabricated MEMS device with
an interface gas / liquid in the system.
5. First tests toward effective liquid pumping by exploring and mitigating issues such as
rotordynamics, conical modes, surge and surface tension.
7.3 Future work
The recommendations for future work in this area are as follows:
1. Turbopump experiments - Pumping experiments must be continued. Surge and sur-
face tension issues have to be overcome. The maximum speed should be increased up
to design speed. Structure considerations should be given a special attention as the
working pressure is increased. Pump pressure rise and efficiency should be checked.
Cavitation should be voluntarily initiated in the pump to study its effects at MEMS
scale and validate the non-rotating approach and simulation [34.
2. Thrust bearing modelling - The thrust bearing behavior should be better understood.
A comprehensive model accounting for the rotor balance with the complicated thrust
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bearing geometry must be set-up and validated. Eventually, hydrodynamic thrust
bearings will have to replace the existing hydrostatic thrust bearings.
3. CFD analysis - The CFD effort should be resumed to check the efficiency of the pump
in a non adiabatic environment. Heat transfer must be modelled and the additional
structural loads due to thermal stress should be assessed using a structural analysis
code.
4. Fabrication effort - The fabrication control effort has to be continued. Critical features
measurement and specification respect must be emphasized. Fabrication tolerances
should be set-up and a special care should be given at thrust bearing fabrication.
Unbalance prediction should be done systematically on every build with the intent of
rectifying the rotor by selective laser etching eventually.
5. Main pump design and integration - Inspired by the demo pump, the main pump
must be designed to work with the real rocket engine fuel and oxidizer. Integration of
both the booster pump and the main pump with the thrust chamber and the valves
should be initiated.
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Appendix A
Uncertainty analysis
A.1 Introduction
This appendix presents a brief analysis of the error associated with the measurements and
the derived quantities presented in this thesis. The goal of the turbopump testing was to
prove the concept, not to characterize its behavior with accuracy. Therefore, accuracy was
of secondary importance in the experiments. The uncertainty considered is the fractional
uncertainty Sx where:
= Uncertainty in value of x = Jx (A.1)
Indicated value of x t
A.2 Uncertainty of independent measurements
It is assumed that the errors in the measurements are not correlated. Therefore, all the
errors are additive. Five different sources of error can be identified:
" Offset shift: the sensor does not read the zero correctly
" Scale factor drift: the measurement has an error proportional to its reading
" Non-linearity: the sensor response is not linear; bulges appear in the response curve
* Hysteresis: the sensor measurement depends on the system history
" Repeatability: the system has a time drift
The zeroing of each measurement is done by the DAQ system before each spin test.
Therefore, the offset shift theoretically equals zero for all the sensors at t = 0 s, and grows
as t increases due to the zero draft rate.
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A.2.1 Pressure
The turbopump experiments reported here are performed at low pressure compared to
the design pressure. In an effort to increase the accuracy of the measurement, the larger
range pressure transducers (channel #2, #4, Pumpi rig and Pumpot rig) were replaced
by higher resolution, 100 psi full scale pressure transducers for the measurements judged
the most critical (Pump inlet and outlet, journal bearing, and turbine inter-row).
The pressure transducers have been calibrated against a 100 psi Setra precision gauge
rated at an accuracy of 0.25% full scale (= t 0.25 psi). They all showed a linear response
with less than 0.5% full scale hysteresis. The scale factor was within ± 2.5 % of the value
indicated by the factory, and therefore it was assumed that the drift in scale factor from
run to run is ± 2.5%. In addition to this error, the variation in indicated pressure are
within t 0.5 % for the 100 psi pressure transducers, and less than ± 2% for the other ones.
Therefore, the estimation of uncertainty for the pressure measurements is as follows:
Sp = ±0.025 t 0.5 psi for P < 100 psi (A.2)
Sp = t0.025 ± 2 psi for P > 100 psi
Therefore S, = ±3% maximum for the 100 psi full scale precision measurements.
The zeroing of the pressure transducers has been done relative to atmospheric pressure
(psig) . The maximum amplitude recorded for the fluctuations of the atmospheric pressure
was 0.3 psi absolute (~ 20 hPa) in the clean room.
The scale factors used to reduce the data presented in this thesis are the one given by
the Kulite calibration sheet of each transducer. The percent difference from this scale factor
and the one from the calibration was 2.5% of the full scale at most. Figure A-1 shows this
difference for 3 different scales of pressure transducers.
A.2.2 Flow
The turbine and pump flows were measured using factory-calibrated Micro Motion Elite
CFMO10 mass flow meters. They have a stated accuracy of:
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Pressure transducers scale factor drift
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Figure A-1: Non-calibrated pressure transducer responses showing the drifts of the offset
and the scale factor
0.0033 g/s (A-3)Sm = t0.002 .A3
The second term is the zero stability of the meter. For a typical flow rate of 1g/s,
this corresponds to an uncertainty of 0.005 g/s, or Sm = ±0.5%. The other flows in the
bearings and in the MOP are measured using Brooks Instrument flowmeters that have a
stated accuracy of 1% of the full range, and a repeatability of 0.25%.
A.2.3 Speed
The speed acquisition system is almost entirely digital. The calibration performed consists
in checking that the speed tracked by the signal analyzer and sent to the computer is
consistent with the speed bump passing frequency checked on an oscilloscope. The signal
analyzer has 3201 points of display resolution, and therefore a 0.035% error (± 20 RPM at
50,000 RPM).
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A.2.4 Acquisition
Since the signal acquired by the computer is digitalized using a 12-bit resolution, the min-
imum step is equal to Range/212 = Range/4096. Therefore the error introduced by the
conversion system is 1 / 4096 = 0.025 %. Mass flow data sent by the Micromotion mass
flowmeters are in the form of currents. They are converted to voltages using selected resistor
of the 5% error class.
A.3 Uncertainty of the derived quantities
The uncertainty of these independent measurements is propagated to the derived quantities.
The only important derived quantity for the turbopump experiments are the pressure drops
across the journal bearing dP = PJB - PIR and the pressure rise in the pump APpu,, =
PP out - Pp in. Therefore [91:
Sdp SpJ + SPI R = 1. Sp1 00 ;>M = 4.25% maximum (A.4)
and similarly SAppu,,,,P = 4.25% maximum
A.4 Assumptions and approximations
A.4.1 Inter-row pressure
The issue associated with the unavailability of the turbine inter-row direct pressure mea-
surement led to its estimation based on the observation of the turbine inlet and outlet
pressures. Since the rotor speed was very low at first, it was assumed that
PI R = Pturbine in + Pturbine out (A.5)2
which should be a good approximation with the rotor static. When the rotor spins, this
value shifts towards
PIR = (1 - R) - Pturbine out + R, Pturbine in (A.6)
which is about the same as in static since the degree of reaction R = 0.56 is close to 0.5.
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Therefore the approximation considered is valid, and its error should be within 12% of its
actual value.
A.4.2 Results from the correlation with observable systems
Starting at build 4, this error has been corrected, and thus the direct measurement of the
pressure at the inter-row is available, giving the true value of dP. However, we can still
compute dP using the original method, and figure A-2 shows the comparison between both
expressions of dP. As can be seen, the difference in the approximation of dP is within 0.3 psi
in average which is within the hysteresis and repeatability error range. This value does not
seem to depend upon the value of dP.
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Figure A-2: Difference between the two measurements of dP. The data is very scattered as
the error in the estimation of dP has the same order of magnitude as the uncertainty of the
pressure measurements.
A.4.3 Minimum observable pressure rise
The minimum imprecision on a single pressure measurement using a 100 psi full scale
pressure transducer is the addition of the combined effect of hysteresis (t 0.5 psi), reference
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gauge inaccuracy (± 0.25 psi), and minimum fractionnal uncertainty (± 0.5 psi). From A.5,
the minimum imprecision on APpump is
SAPpump, in = 2 - 1.25 ~ 1.8 psi (A.7)
This would be the minimum pressure rise observable if the transducers were directly
integrated in the die. However, the pressure drops inside the packaging need to be taken
into account. This is explained in details in section 6.7.
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Appendix B
Detail of CFD results
Map of the pump from FLUENT 2D calculations
Mesh = LauV3_dense (7884 nodes) / 7 blades
Case Name Turb. Speed Inlet Outlet True Inlet avg True outlet avg DeltaP Mass flow
Model (rad/) Condition Condition total pressure static pressure (10A5 Pa) (g/s)
_I _ I _______ I(10^5 Pa) (10A5 Pa)
Map of the sump using laminar model
2nd_qrd_Lam-norme_p1 Laminar -78540 v= 15 m/s Ps = 44 atm 2.09 31.25 29.16 2.12
2ndordLam-normept2 Laminar -78540 v= 20 m/s Ps = 44 atm 3.39 31.71 28.32 2.82
_2nd_rdLamnmp Laminar -78540 v= 12.5 m/s Ps = 44 atm 1.58 30.75 29.17 1.76s2nd or Lmnomof3 Lana 1= .5 217 .7
2ndordLam-normept4 Laminar -78540 v= 22.5 m/s Ps = 44 atm 4.39 32.11 27.72 3.17
Behavior at Starting uIng laminar odel
StartLamjthird v3 Laminar -26180 Pt =1.13 atm Ps= 6 atm 1.16 4.32 3.16 0.726
StartLamthird v33 Laminar -26180 Pt =1.13 atm Ps=7 atm 1.16 4.39 3.23 0.41
StartLamthirdv34 Laminar -26180 Pt=1.13atm Ps=5atm 1.16 3.85 2.69 1.44
StartLam 2thirdsv2 Laminar -52360 Pt =1.13atm Ps=21 atm 1.25 14.07 12.82 1.22
StartLam_2thirds v22 Laminar -52360 Pt =1.13 atm Ps= 22 atm 1.27 14.16 12.89 0.96
Start-Lam_2thirdsv23 Laminar -52360 Pt =1.13 atm Ps= 20 atm 1.26 13.81 12.55 1.68
Start Lam_2thirds-y24 Laminar -52360 Pt =1.13 atm Ps= 19 atm 1.31 13.41 12.1 2.06
Table B.1: CFD results for the mapping of the pump
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Fluent 2D calculations
Case Name Nb of Turb. Speed Inlet Outlet True inlet True Inlet True outlet DeltaP True Inlet avg Mass flow Moment Pumping power Shaft Power Blading
blades Model (rad/s) Condition Condition avg Ptotal avg Pstatic avg Pstatic (10A5 Pa) Vrelative (g/s) per blade [mdot.DP/rho [Mom.Force] Efficiency
(10^5 Pa) [Prof] (10^ 5 Pa) [Vref] (M/S) (10^-6 Nm) (W) (W)
(10^5 Pa)
2D Re-normalized calculations - Meshflie = LauV3_dense (7884 nodes / 7846 cells)
2nd-ordLam-norme 7 Lam -78540 v= 17.7m/s Ps = 44 atm 2.68 2.26 31.53 28.85 20.7 2.49 168.525 7.20 13.24 0.54
2ndord_$A-nome 7 SA -78540 v= 17.7m/s Ps = 62 atm 2.79 2.36 32.43 29.64 20.67 2.5 200.025 7.42 15.71 0.47
2nd_ord_KE-norme 7 KE -78540 v= 17.7m/s Ps = 48.5 atm 2.58 2.17 32.43 29.85 20.48 2.5 189 7.48 14.84 0.50
Fluent 3D calculations
Case Name Nb of Turb. Speed Inlet Outlet True Inlet True Inlet True outlet DeltaP True inlet avg Mass flow Moment Pumping power Shaft Power Blading
blades Model (radis) Condition Condition avg Ptotal avg PstatIc avg PstatIc (10A5 Pa) Vrelative (g/s) per blade [mdot.DP/rho] [Mom.Force] Efficiency
(10^5 Pa) [Prof] (10^5 Pa) [Vref] (m/s) ( 10^-6 Nm) (W) (W)
(10^ 5 Pa)
2D-extruded geometry - Meshfile = Lau3D final (106512 nodes /100580 cells)
3D..2ndLamrnorme 7 Lam -78540 v= 17.7m/s Ps = 54 atm 2.99 2.56 32.11 29.12 20.01 2.497 28.123 7.28 15.46 0.47
3D_2ndKE norme 7 KE -78540 v= 17.7m/s Ps= 57 atm 2.8 2.35 32.09 29.29 20.38 2.499 24.866 7.33 13.67 0.54
3D_-2ndSAnorme 7 SA 1-78540 v= 17.7m/s Ps = 56 atm [ 2.92 1 2.47 1 32.05 1 29.13 20.42 2.496 24.327 7.28 1 13.37 0.54
3D-Real-geometry - Meshflie = Lau3DVanglefinal (128808 nodes / 177670 cells)
3D_2ndangle_Lamnorme 7 Lam -78540 v= 13.27 m/ Ps = 32.5 atm 3.66 2.89 30.94 27.28 21.84 2.499 24.294 6.83 13.36 0.51
3D_2nd_angleLKE_norme 7 KE -78540 v= 13.27 m/ Ps = 33 atm 3.02 2.24 31.75 28.73 22 2.497 24.941 7.19 13.71 0.52
3D_2nd-angleSA.norme 7 SA -78540 v= 13.27 m/4 Ps = 33.5 atm 3.2 2.42 31.74 28.54 21.82 2.497 24.748 7.14 13.61 0.52
3D-Real-geometry + Tip clearance - Meshfile = Lau3DLangleTC_15 (284829 nodes / 351654 cells)
3D_angle_TCLam_norme 7 Lam -78540 v= 13.3 m/s Ps = 29 atm 3.42 2.74 27.73 24.31 21.01 2.5 23.564 6.09 12.96 0.47
3DangleTCKE-norme 7 KE -78540 v= 13.3 m/s Ps = 29.5 atm 3.31 2.59 27.87 24.56 21.57 2.5 23.848 6.15 13.11 0.47
3DangleTCSAnorme 17 1SA 1-78540 v= 13.3 m/s I Ps = 29.5 atm 3.29 2.57 27.87 24.58 21.58 2.503 23.783 6.16 13.08 1 0.47
3D-Real-geometry + Tip clearance + moving walls - Meshflie = Lau3D_angle_.TC_15(284829 nodes / 351654 cells)
3D_2ndangleTCMW2 7 Lam -78540 v= 13.3 m/s Ps = 29 atm 3.4 2.62 26.02 22.62 22.18 2.499 27.906 5.66 15.34 0.37Lam_norme
Moment inci. bottom wail: 33.93 Total efficiency: 18.65 0.30
3D_2nd-anglejCMW2 7 KE -78540 v= 13.3 m/s Ps = 29 atm 3.29 2.56 27.55 24.26 21.61 2.502 29.719 6.08 16.34 0.37
_______ _ _Moment IncL. bottom wall: 39.503 Total efficiency: 21.72 0.28
3D_2nd-angeC_MW2
SA-norme 6.11
Moment incL bottom wall: 36.271 Total efficiency: 19.94 0.31
tZ
0
0f
t1
C,,
n,
28.2437 1 SA 1-78540 v= 13.3 m/sI Ps = 29 atm 1 2.79 1 2.05 1 27.12 1 24.33 1 22.03 1 2.505
j 1
15.53 0.39
Moment incl. bottom wall:. 36.271 Total efficiency:- 19.94 0.31
W W -
-- --- -- ----- ----
.. ...... .....
xo
_74~~ ~~~~~ --- ---------
'7-
/ A./
Caution, Sone parts are not correctly
scaled
DATE OWG REV
04/24/0 1 Turbopump: Plate assembled| 1
SCALE: N/A MIT GTL by: Laurent Jamonet]
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Appendix C
Turbopump packaging CAD
drawings
G
H
El E VE1
EEl El
FH
Holes:
On front view:
Letter -> diameter
A, 2x Clearance holes for 1/4" screws
B: 4x Threaded-through 8-32 holes
C: 2x 1/8" DIA reamed holes for dowel pins
D, 7x 2mm DIA holes with -ring groove
E: 9x Imm DIA holes with O-ring groove
figure -> depth
1' 0,1186 deep
2: 0.45 deep
3! 0,762 deep
4; 1.0740 deep
On top sectionsi
F: 4x 1/4-28 threaded x 0.3 deep then 0.156 DIA
G1 5x 10-32 UNF-2A x 0,77 deep then 0,045 DIA
H: 4x 1/4-28 threaded x 0.3 deep then 0.045 DIA
F
Section
.... . . ..--
..... ... -- ...I. .. . .. .
Section
Very Important: All perpendicular walls
(D,E .LF,GH) must meet to form continuous
channels (± .002
H
A
Section
c-c
Moteriat Bross, 13' thick
Tolerances: ±0.002 unless noted otherwise
DATE DWG REV
04./24/01 Turbopump: Bottom-Plate 1
SCALE: N/A MIT GTL I by: Laurent Jamonet
0.90 00 0.55-
-0.50---4.4G- central part
blow-up
-0.25-
0.3150 ,,,
0.1575
0.1575-distant hotes
regularly disposed
along the square
shape
C 0.5400
40000.5500 0.7500 1.0000
1.3278
... 
.....
z/ z 0.1860
.. .... ...... ....... ... z
- /7
1.1000
0.7620 Y
1.0740
0.3000Section
(adapt For
smooth
connection)
-. 1, 0.1860
1.3000
Section
b-k)
Materia: Brass, 1,3' thick
Tolerances: ±0,002 unless noted otherwise
DATE DWG REV
04/24/01 Turbopump: Bottom-Plate 1
SCALE: 1.7:1 MIT GTL I by: Laurent Jamonet
//
/
/
'A
0.7778
00.4000
(2 cleorance holes)
00.1250
1/8 DIAM (4
clearance holes)
0.9000 -
0.5000
--- a-
-6.550&--
0.417
±0.000
--
...... .. ...
-- -- -- ----
-- --------
/
Very important:
- Perpendicularity of center
square and alignement to the
dowel pins is critical (±0.0005)
- Uniform thickeness of the plate
is criticaL (0,215±0.0005
0.17 0 550
5 0.5500
0.9000 1.0000
11.3278
0.7778 1.1000
0.215 ± 0.0005
Sectio Moteriol: Aluminium, 0,215' thickToleronces: ±0,002 unless noted otherwise
DATE DWG REV
04/24/01 Turbopump: Spacer-Plate 1
SCALE: 1.7:1 MIT GTL by: Laurent Jamonet
00
I
I11111mi,
00.4000
(2 clearance holes)
afY
0.30 00 --- ,550&+
See 0-ring specifications
4 Inner DIA=0.718
outer DIA=0,7680 +0 -00070.5000 depth = 0.01 ±0.0005
00.5200
CLearance hole with
45* chanfer on half-depth
(see top view)
0.4f00 0.5500
-- -05 090001.000
/
K--)--- N\
0.9000 1.0000
1.3278
I4
0.7778 1.1000
- 0.625 (chanfer)
0.625 0,125
T..... ...z .....
Section~ Moterial: Stainless Steel, 1/8' thickToler ances: ±0.002 unless noted otherwise
DATE DWG REV
04/24/01 Turbopump: Top-Plate 1
MIT GTL [ by: Laurent JomonetISCALE: 1.7:1 1
Groove dimensions for
D-type hole 0-rings
(9 holes like that)
0,0670+0.00000.0005
0.0394
(mm)
..z .............
7----------- -- ---
0.0100±0.0002
Groove dimensions for
E-type hole O-rings
(7 holes like that)
0,1280+0.0000
-0.0005
- 0,0116±0.0002 0,0917
(2 mm) K
Groove dimensions for the
top plate 0-ring O-ring grooves depth
and width are critical
for this design
0.0120±0.0002
0.3590 -- Tolerances: ±0.002 unless noted otherwise
0.3880+0.0000 DATE DWG REV0.0020 05/02/01 Turbopump: 0-ring grooves 2
SCALE: N/A MIT GTL by: Laurent Jamonet
I
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Appendix D
Labview graphic interface
Figure D-1: Front panel
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Figure D-2: Main running diagram
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Figure D-3: Interfaces initialization diagram
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Figure D-4: GPIB Write diagram
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Figure D-5: GPIB Read diagram
------- l----
Figure D-6: Sensors calibration diagram
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- TTag: CHANNEL4
Conv.: 27f00e8
M Item: [338]
- TTag: CHANNEL2
Conv.: 2820084
L Item: [338]
- TTag: CHANNEL3
Conv.: 2810140
M Item: [3381
- TTag: CHANNEL1
Conv.: 280008c
L0 Item: [3381
Topic: CHANNEL4:COM1RS232,9600
Topic: CHANNEL2:COM1RS232,9600
Topic: CHANNEL3:COM1,RS232,9600
Topic: CHANNEL1:COM1,RS232,9600
Figure D-7: SmartDDE running diagram
Table D.1: List of the SCXI channels
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Channel# Channel Name Labview# sensor ID Sensor RR Resistor (Ohm)
1 Die P Tin 0 T50-95 500 0.138
2 Die P TIR 1 U50-1 500 0.140
3 Die P Tout 2 R47-20 200 0.764
4 Die P Pout 3 U50-4 500 0.139
5 Die P JB 4 F54-53 300 0.334
6 Rig P Tin 5 T50-99 500 0.138
7 Rig P Tout 6 F54-50 300 0.331
8 *Spare* 7 --- --- ---
9 P supplyTank 8 U48-75 2000 0.037
10 P dumpTank 9 Y46-1 1000 0.072
11 Liquid MFM 10 ---_ -- (249)
12 Rig P FTB 11 G54-53 1000 0.085
13 RigPATB 12 G54-54 1000 0.085
14 Rig P JB 13 F54-52 300 0.333
15 Rig P MOP 14 F54-51 300 0.346
16 Gas MFM 15 --- I_---_ _ (247)
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Appendix E
Experimental procedures
This appendix presents all the experimental procedures used on the turbopump rig.
E.1 Die preparation
1. Screw the bottom plate on the air table
2. Set up the O-rings in the grooves
3. Center the spacer plate using the dowel pins
4. Position the die in its cavity using the vacuum pump holder
5. Check that the die is horizontal and that its top is aligned with the top of the spacer
plate
6. Place the top O-ring in the top plate groove - Putting a drop of water on the O-ring
can help (Surface tension)
7. Screw the top plate and make its clamping pressure uniform
8. Lock screws "fingertight" with just one finger - Do never overtighten the die
9. Screw speed measurement system on air table
10. Position microscope over die
E.2 Data acquisition start
1. Switch on TV, SCXI interface, signal Analyzer, oscilloscope, fiber optic supply and
flowmeters read out
2. Launch Smart DDE acquisition software and keep it resident
3. Launch Labview software with virtual rig panel control
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4. Specify acquisition frequency and file name
5. Start Labview acquisition and wait for GPIB complete initialization
E.3 Measurement zeroing
1. Make sure all pressures/flows are zero (All valves closed)
2. Select 'New reference' for the offset switch
3. Push the offset lever
4. Check that all the measurements indicate zero
A readjustment of the zero can be performed in the middle of an experiment if needed
by choosing the 'oldref' option. This will automatically recall the last zero reference level
saved.
E.4 Bearings flow set up
The flow in the thrust bearing is controlled by the pressure regulators. The flow in the
journal bearing, the MOP and the turbine is controlled by the metering valves to increase
accuracy and avoid backlash in the controls. Special care has to be given when turning the
pressure regulators knob as their resolution is very low, 2 turns being usually enough to
reach the full scale pressure.
1. Check that the metering valves for the thrust bearings are completely open
2. Check that the metering valves for the journal bearing, the turbine inlet and the MOP
are completely closed
3. Open the ATB and FTB pressure regulators to get a 50 psi pressure in each
4. Check that the mass flow remains reasonable (below 500 sccm). If not, the thrust
bearing is leaking, adjust the pressure as needed
5. Open the journal bearing pressure regulator to 50 psi
6. Open slightly the journal bearing metering valve to reach a 125 sccm flow
7. Check that the journal bearing pressure increases but remains lower than 1psi
If the die is really good, it will start spinning when opening the journal bearing, even
just with the thrust bearing. This is not true for new dies that need a break-in period as
explained in section 6.5.3.
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E.5 Spin test experiment
The spin test experiment wanted can now be started. Here are the check lists for different
basic operations:
E.5.1 Enabling the rotor speed recording
" Adjust the turbine inlet flow to reach a moderate (a 5,000 RPM) stable speed
" Calculate the actual speed from the direct speed signal displayed on the oscilloscope
" Check that the main frequency (tracked speed) is stable and within the spectrum
analyzer range
" Adjust the multiplier on the Labview panel so that the displayed speed matches the
actual speed
E.5.2 High speed acquisition
" Start Labview high speed acquisition code
" Set length to record (usually 1 second)
" Set sampling frequency (usually between 500 kHz and 1.25 MHz)
" Start the acquisition and specify the file name when prompted to
The resulting binary file might be converted into a commonly readable ASCII file using
the included conversion vi.
E.5.3 Modifying the speed range on the spectrum analyzer
" Turn off the 'speed read/write' ON/OFF switch on the Labview panel
" Modify the maximum speed value in the GPIB dialogue box on the panel
" Hit twice the 'send' button in front of this dialog box
" Wait for the spectrum on the analyzer to be modified and until it stabilizes
" Turn back on the 'speed read/write' ON/OFF switch on the Labview panel
Note: Failure to turn off the speed read/write button while communicating with the
spectrum analyzer will immediately stop the acquisition in a way it can't be resumed.
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E.5.4 Starting the water flow
It is strongly recommended to report to the full check-list established by Sumita Pennathur
and presented in [34] for the water rig operation. Here is the simplified check list for the
water flow set up, starting from two tanks vented at atmospheric pressure:
E.5.4.1 Filling the supply tank with water
" Close the drain valve, the venting valve, and the device in valve for the supply tank
" Turn on supply tank in valve, turn off dump tank in valve
" Turn off the supply tank pressure gage valve
" Turn on the vacuum gage valve and the MFM valve
" Turn the 3-way valve on vacuum
" Start the vacuum pump
" When vacuum is complete, turn the 3-way valve off
" Turn vacuum gage valve off
" Turn DI water valve on - Water should start filling the supply tank
" When the tank is full, close DI water valve
" Turn off the 3-way valve
" open the supply tank venting valve to vent the tank to atmosphere
E.5.4.2 Pressurizing the supply tank and starting the water flow
" Turn off supply tank venting valve
" Turn MFM valve off
" Turn on main gages valves
" Turn on supply tank in valve, turn off dump tank in valve
" Turn on slowly and slightly the 3-way valve toward 'pressure'
" When desired pressure is reached, turn 3-way valve off
" Turn MFM valve on
" Start the water flow by turning on the 'device 1 on' supply valve
Water will start flowing in the supply tube as soon as the 'device 1 on' valve is opened.
However it is recommended to wait a few seconds until the flow stabilizes before con-
necting the supply tube to the packaging.
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E.6 After experiment check-list
1. Stop the water flow first and disconnect the water supply tube from the packaging
2. Vent the water tanks to atmospheric - Do never let the tanks pressurized overnight
3. Shut down the die by closing slowly the turbine inlet metering valve
4. Close the MOP metering valve
5. Close the turbine inlet and the MOP pressure regulators
6. Once the speed of the die is smaller than 5000 RPM, close slowly the journal bearing
metering valve
7. Close the pressure regulators of the turbine inlet, the MOP and the journal bearing
8. Shut off the pressure in the aft and forward thrust bearings
9. Open slightly the turbine inlet, journal bearing and MOP metering valves to vent the
residual pressure
10. Close the turbine inlet, journal bearing and MOP metering valves
11. Unscrew the top plate screws - Do never let the 0-ring under pressure for a long time
E.7 Removing the die
1. Unscrew the top plate and remove it
2. Loosen carefully the spacer plate and the die
3. Remove the spacer plate
4. Remove the die using the vacuum pump holder
5. Remove carefully the 0-rings stuck on the die
6. Place the die in a safe place
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Appendix F
Detailed fabrication process flow
Notations
PR
AME
Piranha
STS
BOE
DRIE
used
Photo-Resist
AME 5000 plasma etcher machine
Solution of sulfuric acid H2S0 4 and hydrogen peroxide H202 with concentrations 3:1
STS deep-trench silicon etcher machine
Buffered-Oxide-Etch solution containing a high concentration of hydrofluoric acid HF
Deep Reactive Ion Etching
F.1 Preliminary operations for all wafers except wafer W4
1.
2.
3.
4.
Pre-metal clean
0.5 pum thermal oxide
PR alignment marks
AME etch oxide and 0.5 pm Si etch alignment mark
F.2 Wafer W3
Three masks, two deep etches
1. PR and pattern selected areas (Turbine and pump blades, exhaust and inlet, turbine
vanes, oxide etch grid and peripheral holes). Note that the thrust bearing is not
outlined in this step due to the need to define the oxide release grid on the rig.
2. AME etch oxide at selected areas
3. Piranha PR
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4. PR and pattern selected areas (Turbine and pump blades, exhaust and inlet, turbine
vanes and peripheral holes)
5. STS etch
6. Piranha PR
W3
x-Oxide release features .Oxde
Thrust bearing PR masks PR rAxide
Oxide release
feature on top of
/trust bearing
Note: It is important to process the oxide etch release feature on top of W3 and not
on W2, since W2 requires a nested mask which complicates the thrust bearing fabrication
process.
F.3 Wafer W4
Four masks, four deep etches, one nested mask
1. PR define thrust bearing and tip clearance (it is important to partly etch the tip
clearance with the thrust bearing at this stage to eliminate the non uniformity of the
PR at the nozzle vicinity during its etch)
2. AME 4.5 pm etch features
3. Remove PR
4. 0.5 pm double side thermal oxide
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Thrust bearing 5-7 pm deep trench
a rJoumal bearing plenum
Thrust bearin plenum
Thrust bearing nozzles
Tip clearance 20-50 pm etch
No thermal xdde at ts stage
5. PR define tip clearance and journal bearing plenums
6. BOE oxide tip clearance and journal bearing plenums
ihig bmukt oa Mich
I-, -. ma
Doublo sideo.5 sm thwmal
caki at Ufs VAU
7. Flip wafer (it is better to start with the deep etch of the plenum and then the nozzle
since it is very hard to inspect small features on the order of 10 pum)
8. PR define thrust bearing plenums and journal bearing nozzles
9. BOE oxide
10. STS etch thrust bearing plenums and journal bearing nozzles
11. Piranha PR
12. Flip wafer
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13. PR define thrust bearing nozzles and journal bearing plenum. In order to achieve a
9-10 pm wide, 100 pm deep thrust bearing nozzles a 7 pm diameter hole on the mask,
6-7 pm thick photoresist with 7-8 pm diameter opening is required. A 20-30 pm halo
etch will be performed on the turbine/pump exhaust and peripheral holes
14. AME oxide etch nozzles and journal bearing plenum
15. Mount to handle wafer
16. STS etch thrust bearing nozzles and journal bearing plenum until fully open
17. Ash PR
18. STS etch tip clearance
F.4 Wafer W2
Three masks, three deep etches, one nested mask
Wafers are bonded on
xde release features
1. PR define tip clearance, turbine and pump exhaust and inlet and thrust bearing
2. AME etch oxide features
3. Remove PR
4. Flip wafer
5. PR define turbine and pump exhaust and inlet and thrust bearing plenum
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6. AME etch oxide features
7. STS half way through
8. Remove PR
Turlbkn ouMlat
/7TLuJI vnl4
9. Flip wafer
10. Mount to handle wafer
11. PR define thrust bearing nozzles, turbine/pump exhaust and peripheral holes. In
order to achieve a 9-10 pm wide, 100 pm deep thrust bearing nozzles a 7 ,im diameter
hole on the mask, 6-7 pm thick photoresist with 7-8 tim diameter opening is required.
A 20-30 pm halo etch will be preformed on the turbine/pump exhaust and peripheral
holes.
12. AME oxide etch thrust bearing nozzles
13. STS features until fully open
14. Remove PR
15. STS etch tip clearance
POulmO MWd tip
shown
F.5 Bonding of W2 with W3 and journal bearing etch
1. Bond W2 with W3
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2. PR backside W3 and pattern selected areas (the journal bearing and peripheral holes).
In order to achieve a 10-12 pm wide, 300 ,pm deep journal bearing a 4 Am gap on
the mask, 13-14 [um thick photoresist with 7-8 pm diameter opening is required. A
double coating step is carried out in order to form the thick photoresist. Initially the
wafer is 4000 RPM spin coated with 6-7 ym thick resist backed on a hot plat for about
5 minutes then recoated with additional 6-7 /tm resist and finally pre-backed for one
hour and 20 min.
3. Mount to handle wafer
4. AME etch oxide at pattern features
5. STS etch journal bearing until open. The 4 stages XJB(A) STS1 etch recipe developed
by Xin Zhang for the journal bearing will be employed. On the micro bearing rig a
0.1 pm DRIE trench tapering from top to bottom was achieved
Rotor attached to
exrelease features
W3 Journal baring 14 pm
F.6 Wafers W1 and W5
Two masks each, two deep etches each
1. PR all features on front side
2. BOE features
3. STS1 etch features
4. Flip wafer
5. PR all features on back side
6. BOE features
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Mount to handle wafer
STS etch back side until fully open
F.7 Final bonding of the stack and rotor release
Bond (W2 & W3) to W1, W4, W5
Ultra sound 2 hours HF with surfactant to release rotor
Ultra sound rinse 15 min to remove HF
Final anodic bonding of stack to Pyrex wafer
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7.
8.
1.
2.
3.
4.
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Appendix G
Turbopump newl masks
This appendix presents the new masks for the turbopump, taking into account all the
improvements described in the fabrication chapter. The die contour marks were removed
from the masks since they were bringing some impurities during the bonding process. They
were kept only on the mask for the top of wafer #1 as they are used as a reference when
the stack is die-sawed.
As of May 19, 2002
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1
Level 1
Sidie FRONT
Wafer Thickness : 450um
EItch Depth 350urm
Etch # 1/1 front, 1/2 total
Haloes no
MIT - TURBOPUMP
DARPA
die 4-3
o o
0 0
172
Level 1
Side BACK
Wafer Thickness : 450um
Etch Depth : 100um
Etch # 1/1 oack, 2/2 total
Haloes no
0
0
173
Level 2
Side FRDNT
\Wofer Thickzness : 450um
Etch Depth 350um
Etch #* 1/1 front, 1/3 totol
Haoloes no
174
Level 2
Side BACK
Wafer ThicJKness : 450um
Etch Depth : 20um - TIP-CLEARANCE
Etch # 1/2 boack, 2/3 totaL
Haloes no
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LeveL 2
Side BACK
Wafer Thickness : 450um
Etch Depth : 100um
Etch # 2/2 back, 3/3 totaL
HaLoes 30um
0 0
0
0
00
o 62
%cOc
0
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0
0
Level 3
Side FRONT
Wafer Thick<ness : 525um
Etch Depth : 0.5um - OXIDE ETCH FOR RPTOR RELEASE
Etch # 1/2 front, 1/3 total
Haloes no
lIn 1\
177
Level 3
Sid~e FRONT
Wafer Thicl-qess :525um
EtchK Depth 25u
Etch # 2/2 front, 2/3 total
FIaoes no
CED
178
Level 3
Side BACK
\Wafer ThicKness : 525um
Etch Depth 300um - JOURNAL BEARING
Etch # 1/1 back, 3/3 totaL
Haloes 4um. um and 12um
00 0
K
0
179
0
LeveL 4
Side FRFNT
\Wafer Thickness : 450um
Etch Depth : 4,5um - THRUST BEARING GAP
Etch # 1/3 front, 1/4 tota[
Haoes no
180
LeveL 4
Side FRLINT
Wafer Thic-Kness : 450um
Etch Depth : 50um - BACK PLENUM GAP
Etch # 2/3 front, 2/4 totat
HaLoes no
181
LeveL 4
Side :FRDNT
\Wafer Thickness : 450um
Etch Depth :100um
Etch # 3/3 front, 3/4 total
Haoes no
0
0
182
Level 4
Side BACK
Waf'er Thicness : 45Oum
Etch Depth : 350um
Etch # 1/1 back, 4/4 total
HaLoes no
0 0
183
0
0 0
Leve : 5
Side FRLINT
Wafer Thickness : 450um
Etch Depth : 350um
Etch # 1/1 front, 1/2 totaL
Haooes no
184
-I
0 0 C
0
000
Level 5
Side BACK
\Wafer Thickness : 450um
Etch Depth :100um
Etch # 1/1 back, 2/2 total
Haloes no
0 0 00 0
0 0
185
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Appendix H
MATLAB code for unbalance
prediction
% Determination of Rotor unbalance
X Laurent Jamonet - January 2002
% Initialization
L1=zeros(4,6);
L2=zeros(8,4);
Y=zeros(9,311);
n=1;
ZZ=zeros(2*8*n+9,311);
WW=zeros(311,1083);
W=zeros (311,361);
Ress=zeros(5,5);
X Die measurements loading
for dn=1:5
dienum=strcat ({ 'die' } , {num2str (dn) })
dief ile=strcat ({char (dienum)},{' .txt'});
load(char(diefile));
die=eval(char (dienum));
X Data organization
for i=1:4
Li(i,:)=[die(i,:),fliplr(die(i+4,:))J;
end
x=[4.9504,2.7086,2.1558];
X1=[-x, f liplr (x)] ;
% Agreement on origin
for i=1:4
Z(i)=interpl(X1,L1(i,:),0, 'linear'); % or spline
end
Zer=mean(Z);
X2=[0,X1(4:6)];
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for i=1:4
L2(i,:)=[Zer,fliplr(L1(i,1:3))];
L2(i+4,:)=[Zer,L1(i,4:6)];
end
% Radial interpolations
X3=[0:0.01:3.1];
for i=1:8
Y(i,:)=interpl(X2,L2(i,:),X3,'linear'); % or spline
end
Y(9,:)=Y(1,:);
for i=1:n
i
ZZ(1+8*(i-1):8*i,:)=Y(1:8,:);
ZZ(2+8*(n+i):1+8*(n+i+1),:)=Y(2:9,:);
end
ZZ(1+8*n:9+8*n,:)=Y;
% Azimutal interpolations (improved for periodicity)
Thetl=[-2*n*pi:2*pi/8:(2+2*n)*pi];
Thet=[0:2*pi/360:2*pi];
for i=1:311
W(i,:)=interpl(Thetl,ZZ(:,i),Thet,'linear'); % or spline
end
W2=525-W;
h Integration
Xcg=0;
Ycg=0;
Vol=O;
H=0;
for rad=2:311
for azi=1:360
Xcg=Xcg+(2*(rad-1)-1)*100*pi/360*W2(rad,azi)*(rad-1)*10*cos ((azi-1)*2*pi/360);
Ycg=Ycg+(2*(rad-1)-1)*100*pi/360*W2(rad,azi)*(rad-1)*10*sin((azi-1)*2*pi/360);
Vol=Vol+(2*(rad-1)-1)*100*pi/360*W2(rad,azi);
end;
end;
% Numerical outputs
XCG=Xcg/Vol
YCG=Ycg/Vol
H=Vol/(pi*3100^2)
R1=sqrt(XCG^2+YCG^2)
ffbase=H*pi*3.1^2*2.32
Mtop=(525-H)*(8*0.3364+7*0.1324+pi*(1.9^2-1.5^2)+4*0.0864)*2.32
M-rotor=Mbase+Mtop
Unbalance=Mbase*R1/(Mbase+Mtop)
Worst=(Mbase*R1+3*Mtop)/(Mbase+Mtop)
Best=max(0,(Mbase*R1-3*Mtop)/(Mbase+Mtop))
Out=[Unbalance, Worst,Best, H, M-rotor/1000];
X Convert polar coordinates -- > cartesian coordinates
S=size(W2);
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RR=S(1);
AA=S(2);
warning off X risk of division by zero handled by arctan
for i=-200:200
for j=-round(sqrt(200^2-i^2)) :round(sqrt(200^2-i^2))
% determination of closest radius/azimuth
theta(i+201,j+201)=atan(j/i);
if i<O
theta(i+201,j+201)=theta(i+201,j+201)+3/2*pi;
else
theta(i+201,j+201)=theta(i+201,j+201)+pi/2;
end
rad(i+201,j+201)=sqrt(i^2+j^2);
end;
end;
rad=rad/max(max(rad));
clear C
for i=-200:200
for j=-round(sqrt(200^2-i-2)):round(sqrt(200^2-i-2))
% Interpolation on the four closest points
if rad(i+201,j+201)==0
C(i+201,j+201)=W2(1,1);
else
Th=(theta(i+201,j+201)+E-15)*360/(2*pi)+1;
Ra=(rad(i+201,j+201)-1E-15)*310+1;
P1=floor(Ra);
P2=ceil(Ra);
P3=floor(Th);
P4=ceil(Th);
C(i+201,j+201)=mean([W2(P1,P3),W2(P1,P4),W2(P2,P3),W2(P2,P4)]);
end
end
end
warning on
o Filling of the corner zeros
K=min(min(W2));
for i=1:401
for j=1:401
if C(ij)==O
C(i,j)=K;
end
end
end
% Display of the rotor surface and outputs
mesh(C)
view(2)
colorbar
Out'
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